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(57) ABSTRACT 

This invention provides a system for e?iciently producing 
differentiated cells from pluripotent cells, such as human 
embryonic stem cells. Rather thanpermitting the cells to form 
embryoid bodies according to established techniques, differ 
entiation is effected directly in monolayer culture on a suit 
able solid surface. The cells are either plated directly onto a 
differentiation-promoting surface, or groWn initially on the 
solid surface in the absence of feeder cells and then 
exchanged into a medium that assists in the differentiation 
process. The solid surface and the culture medium can be 
chosen to direct differentiation doWn a particular pathWay, 
generating a cell population that is remarkably uniform. The 
methodology is Well adapted to bulk production of committed 
precursor and terminally differentiated cells for use in drug 
screening or regenerative medicine. 



Patent Application Publication Dec. 10, 2009 Sheet 1 0f 4 US 2009/0305405 A1 

MEFIRM Mal?geVcM Malrlgel/RM Lamlnln/CM 

18s 0°“ W iwfé m: w? “aim m m 

185 

hTERT W Mi 

hTERT Expression of H1 p52 Oct-4 Expression of H1 p62 

Laminin Matrigel Collagen Filroneclin MEF Mahigel Collagen Fsbruneciin MEF 

Figure 1 



Patent Application Publication Dec. 10, 2009 Sheet 2 0f 4 US 2009/0305405 A1 

Fi ure 2 

20X 10X 





Patent Application Publication Dec. 10, 2009 Sheet 4 0f 4 US 2009/0305405 A1 

Figure 4 

Treatent B 



US 2009/0305405 A1 

USE OF TGF BETA SUPERFAMILY 
ANTAGONISTS AND NEUROTROPHINS TO 
MAKE NEURONS FROM EMBRYONIC STEM 

CELLS 

RELATED APPLICATIONS 

[0001] This application is a divisional of pending U.S. util 
ity application Ser. No. 09/888,309, ?led Jun. 21, 2001 
(docket 090/002), through Which it claims priority to the 
following US. provisional patent applications: U.S. Ser. No. 
60/213,740, ?led Jun. 22, 2000 (Docket 090/001X); U.S. Ser. 
No. 60/213,739, ?led Jun. 22, 2000 (Docket 091/002X); U.S. 
Ser. No. 60/216,387, ?led Jul. 7, 2000 (Docket 092/001X); 
and US. Ser. No. 60/220,064, ?led Jul. 21, 2000 (Docket 
091/003X). This application is also a continuation-in-part of 
US. Ser. No. 10/873,414, ?led Jun. 21, 2004 (Docket 094/ 
012p). 
[0002] The following patent applications are hereby incor 
porated herein by reference in their entirety: U.S. Ser. No. 
09/888,309, ?led Jun. 21, 2001; US. Ser. No. 60/213,740, 
?led Jun. 22, 2000; US. Ser. No. 60/213,739, ?led Jun. 22, 
2000; US. Ser. No. 60/216,387, ?led Jul. 7, 2000; US. Ser. 
No. 60/220,064, ?led Jul. 21, 2000; US. Ser. No. 60/175,581, 
?led Jan. 11, 2000; US. Ser. No. 09/688,031, ?led Oct. 10, 
2000; US. Ser. No. 09/718,308, ?led Nov. 20, 2000, US. Ser. 
No. 60/257,608, ?led Dec. 22, 2000; International Patent 
Application PCT/US01/01030, ?led Jan. 10, 2001; Interna 
tional Patent Application PCT/US01/ 13471, ?led Apr. 26, 
2001; and US. Ser. No. 09/859,351, ?led May 16, 2001. 

TECHNICAL FIELD 

[0003] This invention relates generally to the ?eld of cell 
biology of embryonic cells. More speci?cally, it relates to 
conditions that alloW human pluripotent stem cells to be 
directly differentiated into cells of a particular lineage, suit 
able for applications such as use in tissue regeneration and the 
screening of biologically active substances. 

BACKGROUND 

[0004] Recent discoveries have raised expectations that 
stem cells may be a source of replacement cells and tissues 
that are damaged in the course of disease, infection, or 
because of congenital abnormalities. Various types of puta 
tive stem cells differentiate When they divide, maturing into 
cells that can carry out the unique functions of particular 
tissues, such as the heart, the liver, or the brain. 
[0005] A particularly important discovery has been the 
development of pluripotent stem cells, Which are thought to 
have the potential to differentiate into almost any cell type. 
The next challenge in developing the technology is to obtain 
dependable conditions for driving differentiation toWards 
particular cell lineages that are desired for therapeutic pur 
poses. 
[0006] Early Work on embryonic stem cells Was done in 
mice (revieWed in Robertson, Meth. Cell Biol. 75: 173, 1997; 
and Pedersen, Reprod. Fertil. Dev. 6:543, 1994). Most meth 
ods of differentiating mouse pluripotent stem cells involve 
three strategies, often in combination: 

[0007] Permitting the cells to form aggregates or embry 
oid bodies, in Which cells interact and begin to differen 
tiate into a heterogeneous cell population With charac 
teristics of endoderm, mesoderm, and ectoderm cells. 
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The embryoid bodies are then harvested and cultured 
further so that the differentiation can continue. 

[0008] Inducing the cells to differentiate using soluble 
factors that promote particular forms of differentiation, 
optionally With simultaneous WithdraWal of factors that 
inhibit differentiation 

[0009] Transfecting the cells With a tissue-speci?c gene, 
that has the effect of directing the cell toWards the tissue 
type desired 

[0010] Mummery et al. (Cell Differentiation Dev. 30: 195, 
1990) compared characteristics of mouse embryonic stem 
(ES) cells With tWo embryonal carcinoma lines. The cells 
Were differentiated either by letting cells form aggregates, 
optionally in the presence of retinoic acid (RA) or dimethyl 
sulfoxide (DMSO); or letting the cells groW to con?uence, 
optionally depriving the culture of leukemia inhibiting factor 
(LIF) or differentiation inhibiting activity (DIA) found in 
high concentrations in medium conditioned by Buffalo rat 
liver (BRL) cells. The study suggested that mixed endoderm 
mesoderm cells Were obtained after removing inhibitors of 
differentiation, and parietal endoderm-like cells Were 
obtained by RA induction. 
[0011] Grendon et al. (Dev. Biol. 177:332, 1996) generated 
an endothelial cell line capable of embryonic vasculogenesis 
from mouse ES cells. The cells Were transfected With the early 
region of SV40 Large T antigen, and then cultured in medium 
comprising homogeniZed mouse testes, Which promotes dif 
ferentiation. An endothelial line Was derived that expresses 
endothelial cell speci?c proteins and can be induced by basic 
?broblast groWth factor (bFGF) and LIF to proliferate to form 
vascular tubes and microcapillary anastomoses. 
[0012] Van InZen et al. (Biochim. Biophys. Acta 1312:21, 
1996) differentiated mouse embryonic stem cells by incubat 
ing the cells for at least 3 days With retinoic acid. The cells 
Were cultured either as a monolayer, or as embryoid bodies on 
a non-adhesive substrate. The cells obtained from culture 
stained positively for the neuronal markers NF- 1 65 and GAP 
43, and Were electrically excitable in a patch clamp assay. 
[0013] Dinsmore et al. (Cell Transplant. 5:131, 1996) 
report a method for controlled differentiation of mouse 
embryonic stem cells in vitro to produce populations contain 
ing neurons or skeletal muscle cells. Embryoid bodies Were 
alloWed to form, and Were induced using dimethyl sulfoxide 
(DMSO) to differentiate to muscle cells, orusing retinoic acid 
to differentiate to neurons. Muscle cells Were also made by 
transfecting ES cells With an expression vector for muscle 
speci?c protein MyoD. 
[0014] Rathjen et al. (J. Cell Sci. 112:601, 1999, and Inter 
national Patent Publication WO 99/53021) formed a primi 
tive ectoderm-like (EPL) cell population from mouse ES cells 
using conditioned medium from the human hepatocarcinoma 
line HepG2. When groWn in medium Without feeder cells, but 
including LIF, the mouse ES cells reportedly greW as a homo 
geneous population With most colonies displaying domed 
morphology. Differentiation Was effected by culturing the 
mouse ES cells in the presence of LIF and HepG2 conditioned 
medium. This gave rise to a morphologically distinct popu 
lation of EPL cells With different phenotypic markers and 
altered differentiation properties. EPL cell formation Was 
reversible in the presence of LIF by WithdraWing the condi 
tioned medium. 
[0015] Tropepe et al. (Soc. Neuroscience 25: abstract 205. 
18, 1999) reported that a small percentage of mouse ES cells 
proliferate in serum-free loW-density conditions in the pres 
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ence of LIF, and form sphere colonies that may subsequently 
differentiate into neurons and glia. A small proportion of cells 
from primary colonies can generate secondary colonies inde 
pendent of LIF but dependent on the factor FGF2. Blocking 
BMP signaling by adding noggin protein increases the pro 
portion of cells forming neural stem cells. About 60% of 
single ES cells cultured for 24 h in serum-free medium 
express nestin. 

Pluripotent Stem Cells of Human Origin 
[0016] Work on human pluripotent stem (hPS) cells has 
been more than a decade behind the experiments conducted 
on mouse cells. Human PS cells are more fragile and more 
dif?cult to isolate. Furthermore, they cannot be maintained in 
an undifferentiated state under conditions developed for 
mouse cells. 
[0017] Recently, some of these challenges have been over 
come. Thomson et al. (US. Pat. No. 5,843,780; Proc. Natl. 
Acad. Sci. USA 9217844, 1995) Were the ?rst to successfully 
culture stem cells from non-human primates. Thomson et al. 
also derived human embryonic stem (hES) cell lines from 
human blastocysts (Science 282:114, 1998). Gearhart and 
coworkers derived human embryonic germ (hEG) cell lines 
from fetal gonadal tissue (Shamblott et al., Proc. Natl. Acad. 
Sci. USA 95:13726, 1998 and International Patent Publica 
tion No. WO 98/43679). Both hES and hEG cells have the 
long-sought characteristics of hPS cells: they are capable of 
long-term proliferation in vitro Without differentiating, they 
retain a normal karyotype, and they retain the capacity to 
differentiate to a number of different derivatives. 
[0018] Human pluripotent stem cells differ from mouse ES 
cells in a number of important respects. Thomson et al. and 
Gearhart et al. maintained their hPS cells in an undifferenti 
ated state by culturing on a layer of embryonic feeder cells. In 
contrast, mouse ES cells can be groWn easily Without feeder 
cells in appropriate conditions, particularly the presence of 
leukemia inhibiting factor (LIE) or other ligands that bind 
receptors that associate With gp130. HoWever, LIF alone has 
not been reported to prevent differentiation of hPS in the 
absence of feeders. Another difference is that mouse ES cells 
can be plated in a completely dispersed fashion; and groW 
quite happily to produce undifferentiated ES progeny. In con 
trast, single hES cells are unstable; and propagation of hES 
cells typically requires that they be passaged as clusters of 
cells during each replating. 
[0019] Current efforts to differentiate hPS cells involve the 
formation of cell aggregates, either by overgroWth of hPS 
cells cultured on feeders, or by forming embryoid bodies in 
suspension culture. The embryoid bodies generate cell popu 
lations With a highly heterogeneous mixture of phenotypes, 
representing a spectrum of different cell lineagesiWhich 
depends in part on the siZe of each aggregate and the culture 
conditions. 
[0020] Large-scale commercial production of committed 
precursor cells or fully differentiated cells from hPS cells 
Would require a differentiation protocol that did not involve 
producing cell aggregates or embryoid bodies. In addition, 
there is a need for cell populations that have relatively uni 
form and reproducible characteristics for use in drug screen 
ing and human therapy. 
[0021] Accordingly, there is a need for neW technology that 
facilitates derivation of differentiated cells from human pluri 
potent stem cells. 

SUMMARY 

[0022] This invention provides a system for e?icient pro 
duction of differentiated cells from primate pluripotent stem 
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(pPS) cells. Rather than permitting the pPS to form embryoid 
bodies, differentiation is effected directly by plating sub 
con?uent cultures of pPS cells onto a solid surface that facili 
tates differentiation, in the absence of feeder cells or culture 
conditions that simulate the presence of feeder cells. The 
nature of the solid surface and components of the culture 
medium can be chosen to direct differentiation doWn a cell 
lineage pathWay that is desired for research or therapeutic 
use. 

[0023] Embodied in this invention are methods for directly 
obtaining differentiated cells from a donor culture of undif 
ferentiated pPS cells, Without forming embryoid bodies. 
Undifferentiated cells are neWly plated onto a solid surface, or 
otherWise exchanged into a neW culture environment that 
induces differentiation of the cells into the desired phenotype 
in a direct fashion, Without overgroWth, aggregate formation, 
or otherWise creating the condensed heterogeneous cell popu 
lation characteristic of embryoid bodies. 
[0024] One Way of accomplishing this is to prepare a sus 
pension of cells from an undifferentiated donor culture; 
replate and culture the suspended cells on a solid surface so 
that they differentiate Without forming embryoid bodies; and 
harvest differentiated cells from the solid surface. A variation 
is to harvest pPS cells from the donor culture before there is 
overgroWth or formation of colonies; replate and culture the 
harvested cells on a solid surface so that they differentiate; 
and harvest differentiated cells from the solid surface. 
Another variation is to prepare a suspension from a culture of 
both pPS cells and feeder cells; replate and culture the sus 
pended cells on a solid surface Without adding fresh feeder 
cells; and harvest differentiated cells from the solid surface. A 
further variation is to provide a donor culture comprising 
undifferentiated pPS cells groWing on an extracellular matrix 
in the absence of feeder cells; prepare a suspension of cells 
from the donor culture; replate and culture the suspended 
cells on a solid surface Without the extracellular matrix; and 
harvest differentiated cells from the solid surface. 
[0025] A further variation is to provide a culture of primate 
pluripotent stem (pPS) cells that is essentially free of feeder 
cells; change the medium in Which the cells are cultured; and 
harvest differentiated cells from the culture after culture for a 
suf?cient period to effect differentiation in the changed 
medium. The medium may be changed either by replacing the 
medium in the culture With a fresh medium having a neW 
composition, or by adding neW constituents to the medium 
already present and then continuing the culture. 
[0026] In any of these embodiments, the pPS cells are any 
type of cell capable of forming progeny of each of the three 
germ layers, exempli?ed but not limited to human embryonic 
stem (hES) cells. The replating can be performed Without 
selecting a particular cell population from the suspended (or 
harvested) cells. For example, the replated cell suspension 
can be obtained by incubating the donor culture With colla 
genase or trypsin or E.D.T.A., thereby releasing the cells from 
a surface to Which the cells adhere, and collecting the released 
cells in a suitable medium. The replating can be done in the 
absence of freshly added feeder cells or extracellular matrix 
proteins on the solid surface, such as a glass cover slip, 
optionally bearing a polycation such as polyornithine or 
polylysine. 
[0027] Differentiation can be promoted by WithdraWing 
serum or serum replacement from medium, WithdraWing a 
factor that promotes proliferation, WithdraWing a factor that 
inhibits differentiation, or adding a neW factor that promotes 
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differentiation. Exemplary factors for generating neuronal 
cells are Brain Derived Neurotrophic Factor (BDNF) and 
Neutrotrophin-3 (N T-3). 
[0028] A proportion of the cells cultured according to this 
invention may differentiate to precursor cells committed to a 
restricted cell lineage and capable of proliferation, such as 
ectodermal cells (for example, neuroectoderm lineage), 
mesodermal cells, or cells of the endoderm or visceral endo 
derm. A proportion of the cells may become fully differenti 
ated cells, such as neurons or glial cells. If desired, the har 
vested committed precursor cells or fully differentiated cells 
can optionally be genetically altered With a polynucleotide 
that encodes telomerase. 
[0029] The differentiated cells of this invention may be 
used to screen candidate compounds or environmental con 
ditions that affect differentiation or metabolism of a cell type 
of interest. The differentiated cells may be used to obtain cell 
speci?c antibody preparations and cell-speci?c cDNA librar 
ies, to study patterns of gene expression, or as an active 
ingredient in a pharmaceutical preparation. 
[0030] The differentiated cells of this invention can also be 
used to identify a substance expressed at a different level in 
committed or differentiated cells compared With undifferen 
tiated primate pluripotent stem (pPS) cells. Such substances 
may include but are not limited to mRNA transcripts, secreted 
protein, intracellular protein, cell-surface protein, cell-sur 
face oligosaccharide, and particular lipids or gangliosides. 
Expression may be compared, for example, at the level of 
transcription, translation, surface presentation, or enZymatic 
activity. Expression of oligosaccharide and lipid substances 
can be inferred by chemical or antibody analysis, or by deduc 
tion from expression of enZymes required for their synthesis. 
Particular embodiments involve determining the level of 
expression of a plurality of mRNAs in committed or differ 
entiated cells made by direct differentiation, embryoid body 
formation, or any other suitable technique, and comparing the 
level determined With the level of expression of the same 
mRNAs in another cell type, such as undifferentiated pPS 
cells. A polynucleotide can then be prepared that shares 
sequence With mRNA that is expressed at a different level in 
the differentiated cells. 
[0031] These and other embodiments of the invention Will 
be apparent from the description that folloWs. 

DRAWINGS 

[0032] FIG. 1 provides an analysis of OCT-4 and hTERT 
expression in hES cells cultured With feeder cells (mEF) or 
extracellular matrix (Matrigel® or laminin) With regular 
medium (RM) or conditioned medium (CM). The upper panel 
is a copy of a gel shoWing OCT-4 and hTERT expression at 
the mRNA level by RT-PCR. The loWer panel is a bar graph 
comparing the level of expression for cells groWn on different 
substrates, expressed as the ratio of OCT-4 or hTERT to the 
18s standard. hES cells groWn on Laminin and Matrigel® in 
conditioned medium have similar expression patterns to those 
of cells groWn on a feeder layer. 
[0033] FIG. 2 is a half-tone reproduction of a phase contrast 
photomicrograph (10x, 40x), shoWing cells at various times 
during direct differentiation to a hepatocyte phenotype. RoW 
A shoWs cells 4 days after culture in SR medium containing 5 
mM sodium n-butyrate. More than 80% of cells in the culture 
are large in diameter, containing large nuclei and granular 
cytoplasm. After 5 days, the cells Were sWitched to special 
iZed hepatocyte culture medium (HCM). RoWs B and C shoW 
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the appearance after culturing in HCM for 2 or 4 days. Multi 
nucleated polygonal cells are common. By these criteria, the 
directly differentiated ES-derived cells resemble freshly iso 
lated human adult hepatocytes (RoW D) and fetal hepatocytes 
(RoW E). 
[0034] FIG. 3 is a matrix chart, representing relative 
expression of mRNA in embryoid body (EB) cells, compared 
With expression in the undifferentiated hES cell line from 
Which they Were derived. Probes used to analyZe expression 
are listed to the left. The ?rst three columns of the matrix shoW 
the kinetics of relative expression for EB cells cultured for 2, 
4, or 8 days. The fourth column (4d—/4d+) shoWs relative 
expression of EB cells to Which retinoic acid Was added for 
the ?nal 4 days of culture. 
[0035] FIG. 4 is a reproduction of a ?uorescence micro 
graph, shoWing neuronal cells obtained by direct differentia 
tion of ES cells on a solid substrate using a mixture of differ 
entiation factors. The three ?elds shoWn Were all taken from 
treatments that comprised neurotrophins and the TNF-[3 
superfamily antagonists noggin and follistatin. A number of 
cells are seen that have neuronal processes and stain for the 
neuronal marker [3-tubulin-III. The proportion of MAP-2 
positive cells that Were also positive for tyrosine hydroxylase 
(a marker for dopaminergic neurons) Was as high as ~l5%. 

DETAILED DESCRIPTION 

[0036] This invention provides a system for directly differ 
entiating primate pluripotent stem (pPS) cells into committed 
precursor cells or fully differentiated cells. The system avoids 
forming aggregates or embryoid bodies as an intermediate 
step. hPS cells are maintained as a monolayer or dispersed 
from a sub-con?uent pPS culture, and plated onto a suitable 
substrate in an appropriate culture environment that promotes 
differentiation. 
[0037] Before this invention Was made, the expectation Was 
that a strategy avoiding embryoidbodies Would be unsuccess 
ful. Classical developmental biology suggests that interaction 
betWeen the three germinal layers of the embryo is essential 
for appropriate differentiation. Embryoid bodies are reminis 
cent of this early stage of development, in that they form the 
three germ layers in juxtaposition. 
[0038] For example, nervous tissue is formed from the ecto 
derm. Recent evidence from the expression patterns of a 
number of genes suggests that another germ layerithe 
primitive endodermiis involved in specifying neural fate in 
the mouse (BouWmeester et al., BioEssays 19:855, 1997; 
revieWed in Davidson et al., “Cell lineage and Fate Determi 
nation”, Academic Press, 1999; pp. 491-504 at 498). Endo 
derm ablation experiments strongly implicate an interaction 
of tWo germ layers that successively express the Hesxl gene 
during gestationiWhich raises the possibility that such inter 
actions may be critical for the speci?cation of neural fate of 
the epiblast. Chimeric embryos de?cient in the nodal gene fail 
to develop forebrain (Varlet et al., Development 12411033, 
1997). Results of nodal and hexl studies strongly suggest that 
there is a critical requirement for the speci?cation of neural 
cells in the epiblast. In addition, isolated epiblast from early 
embryos is unable to express brain speci?c genes Otx2, Enl, 
and En2 unless they are cultured together With fragments of 
the mesoendoderm. This evidence suggests that cells from all 
three germ layers participate in neural differentiation in the 
epiblast. 
[0039] Cells from all three germ layers are present in 
embryoid bodies, and provide an amalgam of signaling that 
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may be similar to signaling that occurs during normal embryo 
development. But this type of interaction betWeen different 
cell types is lacking When pPS cells are plated in monolayers. 
[0040] Contrary to previous expectations, it has noW been 
discovered that plating undifferentiated hES cells directly 
onto a suitable surface or changing medium in monolayer 
culture provides a system Whereby a differentiated cell popu 
lation may be reliably derivediin spite of the signaling one 
might expect to be lacking from cells of other germ layers. 
[0041] In an exemplary experiment, cultures of rhesus and 
human ES lines groWn on feeder cells Were harvested using 
collagenase, and the cells Were then dissociated to clusters of 
~50-100 cells. The cells Were then plated onto glass cover 
slips coated With poly-omithine, and cultured for 1 Week. 
Cultures shoWed positive immunoreactivity for [3-tubulin III 
and MAP-2, markers that are characteristic of neurons; glial 
?brillary acidic protein (GFAP), Which is characteristic of 
astrocytes; and GalC, Which is characteristic of oligodendro 
cytesiindicating that all three major cell phenotypes of the 
central nervous system Were present. 
[0042] Under optimiZed conditions, this system can pro 
vide a remarkably consistent population of differentiated 
cells, With less heterogeneity than What is present in a popu 
lation of embryoid-body derived cells. Example 5 of this 
disclosure illustrates that the direct differentiation method 
can be used to obtain populations that are highly enriched for 
dopaminergic neurons. The direct differentiation method pro 
vides an important source of reproducible high-quality cells 
for use in therapy and drug screening. 

DEFINITIONS 

[0043] Prototype “primate Pluripotent Stem cells” (pPS 
cells) are pluripotent cells derived from pre-embryonic, 
embryonic, or fetal tissue at any time after fertiliZation, and 
have the characteristic of being capable under the right con 
ditions of producing progeny of several different cell types. 
pPS cells are capable of producing progeny that are deriva 
tives of each of the three germinal layers: endoderm, meso 
derm, and ectoderm, according to a standard art-accepted test, 
such as the ability to form a teratoma in a suitable host. 
[0044] Included in the de?nition of pPS cells are embryonic 
cells of various types, exempli?ed by human embryonic stem 
(hES) cells, as described by Thomson et al. (Science 282: 
1 145, 1998); embryonic stem cells from other primates, such 
as Rhesus or marmoset stem cells described by Thomson et al. 
(Proc. Natl. Acad. Sci. USA 92:7844, 1995; Developmental 
Biology 38:133, 1998); and human embryonic germ (hEG) 
cells, described in Shamblott et al. (Proc. Natl. Acad. Sci. 
USA 95: 13726, 1998). Other types of pluripotent cells are 
also included in the term. Any cells of primate origin that are 
capable of producing progeny that are derivatives of all three 
germinal layers are included, regardless of Whether they Were 
derived from embryonic tissue, fetal tissue, or other sources. 
For many embodiments of the invention, it is bene?cial to use 
pPS cells that are karyotypically normal and not derived from 
a malignant source. 

[0045] pPS cell cultures are described as “undifferentiated” 
or “substantially undifferentiated” When a substantial propor 
tion of stem cells and their derivatives in the population 
display morphological characteristics of undifferentiated 
cells, clearly distinguishing them from differentiated cells of 
embryo or adult origin. Undifferentiated pPS cells are easily 
recogniZed by those skilled in the art, and typically appear in 
the tWo dimensions of a microscopic vieW With high nuclear/ 
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cytoplasmic ratios and prominent nucleoli. It is understood 
that colonies of undifferentiated cells Within the population 
Will often be surrounded by neighboring cells that are differ 
entiated. Nevertheless, the undifferentiated colonies persist 
When the population is cultured or passaged under appropri 
ate conditions, and individual undifferentiated cells consti 
tute a substantial proportion of the cell population. Cultures 
that are substantially undifferentiated contain at least 20% 
undifferentiated pPS cells, and may contain at least 40%, 
60%, or 80% in order of increasing preference (in terms 
percentage of cells With the same genotype that are undiffer 
entiated). Using the methods described in this disclosure, it is 
sometimes possible to develop or passage cultures that con 
tain a relatively loW proportion of differentiated pPS cells 
(even as loW as 5 or 10%) into cultures that are substantially 
undifferentiated. 

[0046] Whenever a culture or cell population is referred to 
in this disclosure as proliferating “Without differentiation”, 
What is meant is that after proliferation, the composition is 
substantially undifferentiated according to the preceding 
de?nition. Populations that proliferate through at least four 
passages (~20 doublings) Without differentiation Will contain 
substantially the same proportion of undifferentiated cells (or 
possibly a higher proportion of undifferentiated cells) When 
evaluated at the same degree of con?uence as the originating 
culture. 

[0047] “Feeder cells” or “feeders” are cells of one type that 
are co-cultured With cells of another type, to provide an envi 
ronment in Which the cells of the second type can groW. The 
feeder cells are optionally from a different species as the cells 
they are supporting. For example, certain types of pPS cells 
can be supported by primary cultures of mouse embryonic 
?broblasts, immortalized mouse embryonic ?broblasts, or 
human ?broblast-like cells differentiated from hES cells, as 
described later in this disclosure. In coculture With pPS cells, 
feeder cells are typically inactivated by irradiation or treat 
ment With an anti-mitotic agent such as mitomycin c, to 
prevent them from outgroWing the cells they are supporting. 
For use in producing conditioned medium, inactivation of the 
cells may be optional, and depends in part on mechanical 
aspects of medium production. 
[0048] pPS cell populations are said to be “essentially free” 
of feeder cells if the cells have been groWn through at least 
one round after splitting in Which fresh feeder cells are not 
added to support the groWth of the pPS. It is recogniZed that 
if a previous culture containing feeder cells is used as a source 
of pPS for the culture to Which fresh feeders are not added, 
there Will be some feeder cells that survive the passage. For 
example, hES cells are often cultured in a 9.6 cm2 Well on a 
surface of ~375,000 primary irradiated embryonic ?broblasts 
near con?uence. By the end of the culture, perhaps 150,000 
feeder cells are still viable, and Will be split and passaged 
along With hES that have proliferated to a number of ~1 to 1 .5 
million. After a 1:6 split, the hES cells generally resume 
proliferation, but the ?broblasts Will not groW and only a 
small proportion Will be viable by the end of ~6 days of 
culture. This culture is essentially free of feeder cells, With 
compositions containing less than about 5% feeder cells. 
Compositions containing less than 1%, 0.2%, 0.05%, or 
0.01% feeder cells (expressed as % of total cells in the cul 
ture) are increasingly more preferred. 
[0049] Whenever a culture or cell population is referred to 
in this disclosure as “feeder-free”, What is meant is that the 
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composition is essentially free of feeder cells according to the 
preceding de?nition, subject only to further constraints if 
explicitly required. 
[0050] A “growth environment” is an environment in Which 
cells of interest Will proliferate or differentiate in vitro. Fea 
tures of the environment include the medium in Which the 
cells are cultured, the temperature, the partial pressure of O2 
and CO2, and a supporting structure (such as a substrate on a 
solid surface) if present. 
[0051] A “nutrient medium” is a medium for culturing cells 
containing nutrients that promote proliferation. The nutrient 
medium may contain any of the folloWing in an appropriate 
combination: isotonic saline, buffer, amino acids, antibiotics, 
serum or serum replacement, and exogenously added factors. 
A “conditioned medium” is prepared by culturing a ?rst 
population of cells in a medium, and then harvesting the 
medium. The conditioned medium (along With anything 
secreted into the medium by the cells) may then be used to 
support the groWth of a second population of cells. 
[0052] “Embryoid bodies” is a term of art synonymous 
With “aggregate bodies”. The terms refer to aggregates of 
differentiated and undifferentiated cells that appear When pPS 
cells overgroW in plated or suspension cultures. 
[0053] “Restricted developmental lineage cells” are cells 
derived from embryonic tissue, typically by differentiation or 
partial differentiation of pPS cells. These cells are capable of 
proliferating and differentiating into several different cell 
types, but the range of their repertory is restricted. Examples 
are hematopoietic cells, Which are pluripotent for blood cell 
types, and hepatocyte progenitors, Which are pluripotent for 
sinusoidal endothelial cells, hepatocytes, and potentially 
other liver cells. Another example is neural restricted cells, 
Which can generate glial cell precursors that progress to oli 
godendrocytes and astrocytes, and neuronal precursors that 
progress to neurons. 

[0054] A cell is said to be “genetically altered”, “trans 
fected”, or “genetically transformed” When a polynucleotide 
has been transferred into the cell by any suitable means of 
arti?cial manipulation, or Where the cell is a progeny of the 
originally altered cell that has inherited the polynucleotide. 
The polynucleotide Will often comprise a transcribable 
sequence encoding a protein of interest, Which enables the 
cell to express the protein at an elevated level. Also included 
are genetic alterations by any means that result in functionally 
altering or abolishing the action of an endogenous gene. The 
genetic alteration is said to be “inheritable” if progeny of the 
altered cell has the same alteration. 

[0055] A “cell line” is a population of cells that can be 
propagated in culture through at least 10 passages. The popu 
lation can be phenotypically homogeneous, or the population 
can be a mixture of measurably different phenotypes. Char 
acteristics of the cell line are those characteristics of the 
population as a Whole that are essentially unaltered after 10 
passages. 

[0056] A cell is described as “telomeriZed” if it has been 
genetically altered With a nucleic acid encoding a telomerase 
reverse transcriptase (TERT) of any species in such a manner 
that the TERT is transcribed and translated in the cell. The 
term also applies to progeny of the originally altered cell that 
have inherited the ability to express the TERT encoding 
region at an elevated level. The TERT encoding sequence is 
typically taken or adapted from a mammalian TERT gene, 
exempli?ed by human and mouse TERT, as indicated beloW. 
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[0057] A cell line is described as “permanent” or “immor 
taliZed” if it has at least one of the folloWing properties: 1) it 
has been genetically altered for elevated expression of telom 
erase reverse transcriptase (TERT), detectable, for example, 
as increased telomerase activity in TRAP assay; 2) for cell 
lines otherWise capable of no more than 15 population dou 
blings, it has been genetically altered to extend its replicative 
capacity under suitable culture conditions to at least 20 popu 
lation doublings; or 3) for cell lines otherWise capable of more 
than 15 population doublings, it has been genetically altered 
to signi?cantly extend the replicative capacity of the cell line 
under typical culture conditions. It is understood that cells 
meeting this de?nition include not only the original geneti 
cally altered cells, but also all progeny of such cells that meet 
the listed criteria. 
[0058] The term “antibody” as used in this disclosure refers 
to both polyclonal and monoclonal antibody. The ambit of the 
term deliberately encompasses not only intact immunoglobu 
lin molecules, but also fragments and derivatives of immuno 
globulin molecules (such as single chain Fv constructs), and 
fragments and derivatives of immuno globulin equivalents 
such as T-cell receptors, as may be prepared by techniques 
knoWn in the art, and retaining the desired antigen binding 
speci?city. 

General Techniques 

[0059] For further elaboration of general techniques useful 
in the practice of this invention, the practitioner can refer to 
standard textbooks and revieWs in cell biology, tissue culture, 
and embryology. Included are Teratocarcinomas and embry 
onic stem cells: A practical approach J. Robertson, ed., 
lRL Press Ltd. 1987); Guide to Techniques in Mouse Devel 
opment (P. M. Wasserman et al., eds., Academic Press 1993); 
Embryonic Stem Cell Di?erentiation in Vitro V. Wiles, 
Meth. EnZymol. 225:900, 1993); Properties and uses of 
Embryonic Stem Cells: Prospects for Application to Human 
Biology and Gene Therapy (P. D. Rathjen et al., al., 1993). 
Differentiation of stem cells is revieWed in Robertson, Meth. 
Cell Biol. 75:173, 1997; and Pedersen, Reprod. Fertil. Dev. 
10:31, 1998. 
[0060] Methods in molecular genetics and genetic engi 
neering are described generally in the current editions of 
Molecular Cloning: A Laboratory Manual, (Sambrook et 
al.); Oligonucleotide Synthesis J. Gait, ed.); Animal Cell 
Culture (R. l. Freshney, ed.); Gene Transfer Vectors forMam 
malian Cells (Miller & Calos, eds.); Current Protocols in 
Molecular Biology and Short Protocols in Molecular Biol 
ogy, 3rd Edition (F. M. Ausubel et al., eds.); and Recombinant 
DNA Methodology (R. Wu ed., Academic Press). Reagents, 
cloning vectors, and kits for genetic manipulation referred to 
in this disclosure are available from commercial vendors such 
as BioRad, Stratagene, lnvitrogen, and ClonTech. 
[0061] For general techniques involved in preparation of 
mRNA and cDNA libraries and their analysis, those skilled in 
the art have access to RNA Methodologies: A Laboratory 
Guidefor Isolation and Characterization (R. E. Farrell,Aca 
demic Press, 1998); cDNA Library Protocols (CoWell &Aus 
tin, eds., Humana Press); Functional Genomics (Hunt & 
Livesey, eds., 2000); and theAnnual Review of Genomics and 
Human Genetics (E Lander, ed., published yearly by Annual 
RevieWs). General techniques used in raising, purifying and 
modifying antibodies, and the design and execution of immu 
noassays including immunocytochemistry, the reader is 
referred to Handbook of Experimental Immunology (Weir & 
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Blackwell, eds.); Current Protocols in Immunology (Coligan 
et al., eds.); and Methods oflmmunological Analysis (Mas 
seyeff et al., eds., Weinheim: VCH Verlags GmbH). 
[0062] General techniques in cell culture and media collec 
tion are outlined in Large Scale Mammalian Cell Culture (Hu 
et al., Curr. Opin. Biotechnol. 8: 148, 1997); Serum-free 
Media (K. Kitano, Biotechnology 17:73, 1991); Large Scale 
Mammalian Cell Culture (Curr. Opin. Biotechnol. 2:375, 
1991); and Suspension Culture ofMammalian Cells (Birch et 
al., Bioprocess Technol. 19:251, 1990). 

Sources of Pluripotent Stem Cells 

[0063] Suitable source cells for culturing and differentia 
tion according to this invention include established lines of 
pluripotent cells derived from tissue formed after gestation. 
Exemplary primary tissue sources are embryonic tissue (such 
as a blastocyst), or fetal tissue taken any time during gesta 
tion, typically but not necessarily before 10 Weeks gestation. 
Non-limiting exemplars are established lines of primate 
embryonic stem (ES) and embryonic germ (EG) cells. Also 
contemplated is use of the techniques of this disclosure dur 
ing the initial establishment or stabilization of such cells, in 
Which case the source cells Wouldbe primary pluripotent cells 
taken directly from the tissues listed. 

Media and Feeder Cells 

[0064] Media for isolating and propagating pPS cells can 
have any of several different formulas, as long as the cells 
obtained have the desired characteristics, and can be propa 
gated further. Suitable sources are as folloWs: Dulbecco’s 

modi?ed Eagles medium (DMEM), Gibco # 11965-092; 
Knockout Dulbecco’s modi?ed Eagles medium (KO 
DMEM), Gibco # 10829-018; 200 mM L-glutamine, Gibco # 
15039-027; non-essential amino acid solution, Gibco 1 1 140 
050; [3-mercaptoethanol, Sigma # M7522; human recombi 
nant basic ?broblast groWth factor (bFGF), Gibco # 13256 
029. Exemplary serum-containing ES medium is made With 
80% DMEM (typically KO DMEM), 20% de?ned fetal 
bovine serum (FBS) not heat inactivated, 0.1 mM non-essen 
tial amino acids, 1 mM L-glutamine, and 0.1 mM [3-mercap 
toethanol. The medium is ?ltered and stored at 40 C. Serum 
free ES medium is made With 80% KO DMEM, 20% serum 
replacement, 0.1 mM non-essential amino acids, 1 mM 
L-glutamine, and 0.1 mM [3-mercaptoethanol. Not all serum 
replacements Work; an effective serum replacement is Gibco 
# 10828-028 (proprietary formula; product obtainable from 
the manufacturer). The medium is ?ltered and stored at 40 C. 
Just before use, human bFGF is added to a ?nal concentration 
of 4 ng/mL. 
[0065] pPS cells are typically cultured on a layer of feeder 
cells that support the pPS cells in various Ways, such as the 
production of soluble factors that promote pPS cell survival 
or proliferation, or inhibit differentiation. Feeder cells are 
typically ?broblast type cells, often derived from embryonic 
or fetal tissue. A frequently used source is mouse embryo. 
Useful feeder cell lines have been obtained by obtaining 
embryonic ?broblasts, transfecting them to express telom 
erase, and then passaging them or freeZing them for future 
use. The cell lines are plated to near con?uence, irradiated to 
prevent proliferation, and used to support pPS cell cultures. 
[0066] In one illustration, pPS cells are ?rst derived and 
supported on primary embryonic ?broblasts. Mouse embry 
onic ?broblasts (mEF) can be obtained from outbred CF1 
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mice (SASCO) or other suitable strains. The abdomen of a 
mouse at 13 days of pregnancy is sWabbed With 70% ethanol, 
and the decidua is removed into phosphate buffered saline 
(PBS). Embryos are harvested; placenta, membranes, and 
soft tissues are removed; and the carcasses are Washed tWice 
in PBS. They are then transferred to fresh 10 cm bacterial 
dishes containing 2 mL trypsin/EDTA, and ?nely minced. 
After incubating 5 min at 370 C., the trypsin is inactivated 
With 5 mL DMEM containing 10% FBS, and the mixture is 
transferred to a 15 mL conical tube. Debris is alloWed to settle 
for 2 min, the supernatant is made up to a ?nal volume of 10 
mL, and plated onto a 10 cm tissue culture plate or T75 ?ask. 
The ?ask is incubated undisturbed for 24 h, after Which the 
medium is replaced. When ?asks are con?uent (~2-3 d), they 
are split 1:2 into neW ?asks. 

[0067] Feeder cells are propagated in mEF medium, con 
taining 90% DMEM (Gibco # 11965-092), 10% FBS (Hy 
clone # 30071-03), and 2 mM glutamine. mEFs are propa 
gated in T150 ?asks (Corning # 430825), splitting the cells 
1:2 every other day With trypsin, keeping the cells subcon?u 
ent. To prepare the feeder cell layer, cells are irradiated at a 
dose to inhibit proliferation but permit synthesis of important 
factors that support hES cells (~4000 rads gamma irradia 
tion). Six-Well culture plates (such as Falcon # 304) are coated 
by incubation at 370 C. With 1 mL 0.5% gelatin per Well 
overnight, and plated With ~375,000 irradiated mEFs per 
Well. Feeder cell layers are used 5 h to 4 days after plating. 
The medium is replaced With fresh hES medium just before 
seeding pPS cells. 
Preparation of Human Embryonic Stem (hES) Cells 
[0068] Human embryonic stem (hES) cells can be prepared 
as described by Thomson et al. (US. Pat. No. 5,843,780; 
Science 282:1145, 1998; Curr. Top. Dev. Biol. 38:133 ff., 
1998; Proc. Natl. Acad. Sci. USA 92:7844, 1995). 
[0069] Brie?y, human blastocysts are obtained from human 
in vivo preimplantation embryos. Alternatively, in vitro fer 
tiliZed (lVF) embryos can be used, or one cell human 
embryos can be expanded to the blastocyst stage (Bongso et 
al., Hum Reprod 4: 706, 1989). Human embryos are cultured 
to the blastocyst stage in G12 and G2.2 medium (Gardner et 
al., Fertil. Steril. 69:84, 1998). Blastocysts that develop are 
selected for ES cell isolation. The Zona pellucida is removed 
from blastocysts by brief exposure to pronase (Sigma). The 
inner cell masses are isolated by immunosurgery, in Which 
blastocysts are exposed to a 1:50 dilution of rabbit anti 
human spleen cell antiserum for 30 minutes, then Washed for 
5 minutes three times in DMEM, and exposed to a 1:5 dilution 
of Guinea pig complement (Gibco) for 3 min (see Solter et al., 
Proc. Natl. Acad. Sci. USA 72:5099, 1975). After tWo further 
Washes in DMEM, lysed trophectoderm cells are removed 
from the intact inner cell mass (lCM) by gentle pipetting, and 
the lCM plated on mEF feeder layers. 
[0070] After 9 to 15 days, inner cell mass-derived out 
groWths are dissociated into clumps either by exposure to 
calcium and magnesium-free phosphate-buffered saline 
(PBS) With 1 mM EDTA, by exposure to dispase or trypsin, or 
by mechanical dissociation With a micropipette; and then 
replated on mEF in fresh medium. Dissociated cells are 
replated on mEF feeder layers in fresh ES medium, and 
observed for colony formation. Colonies demonstrating 
undifferentiated morphology are individually selected by 
micropipette, mechanically dissociated into clumps, and 
replated. ES-like morphology is characterized as compact 
colonies With apparently high nucleus to cytoplasm ratio and 
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prominent nucleoli. Resulting ES cells are then routinely split 
every 1-2 Weeks by brief trypsiniZation, exposure to Dulbec 
co’s PBS (Without calcium or magnesium and With 2 mM 
EDTA), exposure to type IV collagenase (~200 U/mL; Gibco) 
or by selection of individual colonies by micropipette. Clump 
siZes of about 50 to 100 cells are optimal. 
Preparation of Human Embryonic Germ (hEG) Cells 
[0071] Human Embryonic Germ (hEG) cells can be pre 
pared from primordial germ cells present in human fetal 
material taken about 8-11 Weeks after the last menstrual 
period. Suitable preparation methods are described in Sham 
blott et al., Proc. Natl. Acad. Sci. USA 95:13726, 1998 and 
US. Pat. No. 6,090,622. 
[0072] Brie?y, genital ridges are rinsed With isotonic 
buffer, then placed into 0.1 mL 0.05% trypsin/0.53 mM 
sodium EDTA solution (BRL) and cut into <1 mm3 chunks. 
The tissue is then pipetted through a 100 pL tip to further 
disaggregate the cells. It is incubated at 37° C. for ~5 min, 
then ~3.5 mL EG groWth medium is added. EG groWth 
medium is DMEM, 4500 mg/L D-glucose, 2200 mg/L mM 
sodium bicarbonate; 15% ES quali?ed fetal calf serum 
(BRL); 2 mM glutamine (BRL); 1 mM sodium pyruvate 
(BRL); 1000-2000 U/mL human recombinant leukemia 
inhibitory factor (LIF, GenZyme); 1-2 ng/ml human recom 
binant basic ?broblast groWth factor (bFGF, GenZyme); and 
10 [1M forskolin (in 10% DMSO). In an alternative approach, 
EG cells are isolated using hyaluronidase/collagenase/ 
DNAse. Gonadal anlagen or genital ridges With mesenteries 
are dissected from fetal material, the genital ridges are rinsed 
in PBS, then placed in 0.1 ml HCD digestion solution (0.01% 
hyaluronidase type V, 0.002% DNAse I, 0.1% collagenase 
type IV, all from Sigma prepared in EG groWth medium). 
Tissue is minced and incubated 1 h or overnight at 37° C., 
resuspended in 1-3 mL of EG groWth medium, and plated 
onto a feeder layer. 
[0073] Ninety-six Well tissue culture plates are prepared 
With a sub-con?uent layer of feeder cells cultured for 3 days 
in modi?ed EG groWth medium free of LIF, bFGF or forsko 
lin, inactivated With 5000 rad y-irradiation. Suitable feeders 
are STO cells (ATCC Accession No. CRL 1503). ~0.2 mL of 
primary germ cell (PGC) suspension is added to each of the 
Wells. The ?rst passage is conducted after 7-10 days in EG 
groWth medium, transferring each Well to one Well of a 
24-Well culture dish previously prepared With irradiated STO 
mouse ?broblasts. The cells are cultured With daily replace 
ment of medium until cell morphology consistent With EG 
cells are observed, typically after 7-30 days or 1-4 passages. 

Propagation of pPS Cells 

[0074] pPS cells can be propagated continuously in culture, 
using a combination of culture conditions that support prolif 
eration Without promoting differentiation. It has been deter 
mined that hES cells can be groWn Without differentiation, 
even in the absence of feeder cells. For feeder-free culture, it 
is bene?cial to provide a compatible culture surface (the 
substrate), and a nutrient medium that supplies some of the 
in?uences provided by the feeder cells. 
[0075] Particularly suitable as a substrate for feeder-free 
pPS culture are extracellular matrix components (derived 
from basement membrane, or forming part of adhesion mol 
ecule receptor-ligand couplings). A commercial preparation 
is available from Becton Dickenson under the name Matri 
gel®, and can be obtained in regular or GroWth Factor 
Reduced formulation. Both formulations are effective. Matri 
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gel® is a soluble preparation from Engelbreth-Holm-SWarm 
tumor cells that gels at room temperature to form a reconsti 
tuted basement membrane. 
[0076] Other extracellular matrix components and compo 
nent mixtures are suitable as an alternative. Depending on the 

cell type being proliferated, this may include laminin, 
?bronectin, proteoglycan, entactin, heparan sulfate, and the 
like, alone or in various combinations. Laminins are major 
components of all basal laminae in vertebrates, Which interact 
With integrin heterodimers such as 0661 and 0664 (speci?c 
for laminins) and other heterodimers (that cross-react With 
other matrices). Using culture conditions illustrated in the 
examples, collagen IV supports hES cell groWth, While col 
lagen I does not. Substrates that can be tested using the 
experimental procedures described herein include not only 
other extracellular matrix components, but also polyamines 
(such as poly-omithine, poly-lysine), and other commercially 
available coatings. 
[0077] The pluripotent cells are plated onto the substrate in 
a suitable distribution and in the presence of a medium that 
promotes cell survival, propagation, and retention of the 
desirable characteristics. These characteristics bene?t from 
careful attention to the seeding distribution. One feature of 
the distribution is the plating density. It has been found that 
plating densities of at least ~15,000 cells cm“2 promote sur 
vival and limit differentiation. Typically, a plating density of 
betWeen about 90,000 cm'2 and about 170,000 cm“2 is used. 
[0078] Another feature is the dispersion of cells. The propa 
gation of mouse stem cells involves dispersing the cells into a 
single-cell suspension (Robinson, Meth. Mol. Biol. 75:173, 
1997 at page 177). In contrast, passaging primate PS cells has 
previously thought to require keeping the cells together in 
small clusters. EnZymatic digestion is halted before cells 
become completely dispersed (say, ~5 min With collagenase 
IV). The plate is then scraped gently With a pipette, and the 
cells are triturated With the pipette until they are suspended as 
clumps of adherent cells, about 10-2000 cells in siZe. The 
clumps are then plated directly onto the substrate Without 
further dispersal. 
[0079] It has been discovered that primate PS cells can be 
passaged betWeen feeder-free cultures as a ?ner cell suspen 
sion, providing that an appropriate enZyme and medium are 
chosen, and the plating density is su?iciently high. By Way of 
illustration, con?uent human embryonic stem cells cultured 
in the absence of feeders are removed from the plates by 
incubating With a solution of 0.05% (Wt/vol) trypsin (Gibco) 
and 0.053 mM EDTA for 5-15 min at 37° C. With the use of 
pipette, the remaining cells in the plate are removed and the 
cells are triturated With the pipette until the cells are dispersed 
into a suspension comprising single cells and some small 
clusters. The cells are then plated at densities of 50,000-200, 
000 cells/cm2 to promote survival and limit differentiation. 
The phenotype of ES cells passaged by this technique is 
similar to What is observed When cells are harvested as clus 
ters by collagen digestion. As another option, the cells can be 
harvested Without enZymes before the plate reaches con?u 
ence. The cells are incubated ~5 min in a solution of 0.5 mM 
EDTA alone in PBS, Washed from the culture vessel, and then 
plated into a neW culture Without further dispersal. 
[0080] pPS cells plated in the absence of fresh feeder cells 
bene?t from being cultured in a nutrient medium. The 
medium Will generally contain the usual components to 
enhance cell survival, including isotonic buffer, essential 
minerals, and either serum or a serum replacement of some 
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kind. Particularly bene?cial is a medium that has been con 
ditioned to supply some of the elements otherwise provided 
by feeder cells. 
[0081] Feeder cells typically contain ?broblast type cells. 
Primary embryonic or fetal feeder cell cultures are a mixed 
population of cells, containing cells that have morphology of 
?broblasts and of early muscle and neuronal cells. Different 
cells in the population may play different roles in supporting 
pPS culture, and the distribution and character of the culture 
may change. 
[0082] As an alternative to primary mouse ?broblast cul 
tures, conditioned medium can be prepared from other cell 
types, such as established cell lines. More permanent feeder 
cell lines can be developed for producing medium according 
to this invention using embryonic ?broblasts from a non 
human species such as a mouse, genetically altered With an 
immortalizing gene, such as a gene that expresses telomerase. 
[0083] It has also been discovered that cells With particular 
characteristics differentiated from human embryo derived 
cells can be used to support culture of undifferentiated pPS 
cells. Certain ?broblast-like cells or mesenchymal cells 
derived from human embryo cells have this property, and can 
be identi?ed according to the assay described earlier. An 
exemplary method for obtaining suitable cells involves dif 
ferentiating a culture of pPS cells (such as hES cells). Differ 
entiated cells With a particular phenotype are selected from 
amongst the mixed differentiated cell population, and 
medium conditioned by culturing With the selected cells is 
tested for its ability to support groWth of pPS cells in a culture 
environment essentially free of feeder cells. As illustrated in 
the examples beloW, medium that has been conditioned for 
1-2 days is typically used to support pPS cell culture for 1-2 
days, and then exchanged. Conditioned medium is used to 
support pPS cells undiluted, or titrated to an effective level of 
dilution. The conditioned medium can be supplemented 
before use With additional groWth factors that bene?t pPS cell 
culture. It is often bene?cial to add groWth factors such as 
bFGF or FGF-4 to the medium both before conditioning, and 
then again before using the medium to support the groWth of 
pPS cells. 
[0084] It should be recognized that each of the conditions 
described here can be optimized independently, and certain 
combinations of conditions Will prove effective upon further 
testing. Such optimization is a matter of routine experimen 
tation, and does not depart from the spirit of the invention 
provided in this disclosure. 

Characteristics of pPS Cells 

[0085] Human ES cells have the characteristic morphologi 
cal features of undifferentiated stem cells. In the tWo dimen 
sions of a standard microscopic image, hES cells have high 
nuclear/ cytoplasmic ratios in the plane of the image, promi 
nent nucleoli, and compact colony formation With poorly 
discemable cell junctions. Cell lines can be karyotyped using 
a standard G-banding technique (available at many clinical 
diagnostics labs that provides routine karyotyping services, 
such as the Cytogenetics Lab at Oakland Calif.) and com 
pared to published human karyotypes. It is desirable to obtain 
cells that have a “normal karyotype”, Which means that the 
cells are euploid, Wherein all human chromosomes are 
present and are not noticeably altered. 
[0086] hES and hEG cells can also be characterized by 
expressed cell markers. In general, the tissue-speci?c markers 
discussed in this disclosure can be detected using a suitable 
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immunological techniqueisuch as How cytometry for mem 
brane-bound markers, immunocytochemistry for intracellu 
lar markers, and enzyme-linked immunoassay, for markers 
secreted into the medium. The expression of protein markers 
can also be detected at the mRNA level by reverse tran 
scriptase-PCR using marker-speci?c primers. See US. Pat. 
No. 5,843,780 for further details. 
[0087] Stage-speci?c embryonic antigens (SSEA) are char 
acteristic of certain embryonic cell types. Antibodies for 
SSEA-l, SSEA-3 and SSEA-4 are available from the Devel 
opmental Studies Hybridoma Bank of the National Institute 
of Child Health and Human Development (Bethesda Md.). 
Other useful markers are detectable using antibodies desig 
nated Tra-l -60 and Tra- 1 -8l (AndreWs et al., Cell Lines from 
Human Germ Cell Tumors, in E. J. Robertson, 1987, supra). 
Mouse ES cells can be used as a positive control for SSEA-l, 
and as a negative control for SSEA-4, Tra- l -60, and Tra-l -8l. 
SSEA-4 is consistently present on human embryonal carci 
noma (hEC) cells. Differentiation of pPS cells in vitro results 
in the loss of SSEA-4, Tra- l -60, and Tra-l -8l expression and 
increased expression of SSEA-l. SSEA-l is also found on 
hEG cells. pPS cells can also be characterized by the presence 
of alkaline phosphatase activity, Which can be detected by 
?xing the cells With 4% paraforrnaldehyde, and then devel 
oping With Vector Red as a substrate, as described by the 
manufacturer (Vector Laboratories, Burlingame Calif.). 
Expression of hTERT and OCT-4 (detectable by RT-PCR) 
and telomerase activity (detectable by TRAP assay) are also 
characteristic of many types of undifferentiated pPS cells. 
[0088] Where it is desirable to increase the replicative 
capacity of pPS cells, or cells differentiated from them, they 
can be immortalized or telomerized (either before or after 
differentiation) using the methods described beloW. 

Differentiation of Propagated pPS Cells 

[0089] This invention provides a neW system for differen 
tiating pPS cells into committed precursor cells or fully dif 
ferentiated cells Without forming embryoidbodies as an inter 
mediate step. 
[0090] Culturing embryoid bodies according to traditional 
methods are reported in O’Shea, Anat. Rec. (N eW Anat. 257: 
323, 1999). pPS cells are cultured in a manner that permits 
aggregates to form, for Which many options are available: for 
example, by overgroWth of a donor pPS cell culture, or by 
culturing pPS cells in suspension in culture vessels having a 
substrate With loW adhesion properties Which alloWs EB for 
mation. pPS cells are harvested by brief collagenase diges 
tion, dissociated into clusters, and plated in non-adherent cell 
culture plates. The aggregates are fed every feW days, and 
then harvested after a suitable period, typically 4-8 days. 
[0091] The cells can then be cultured in a medium and/ or on 
a substrate that promotes enrichment of cells of a particular 
lineage. The substrate can comprise matrix components such 
as Matrigel® (Becton Dickenson), laminin, collagen, gelatin, 
or matrix produced by ?rst culturing a matrix-producing cell 
line (such as a ?broblast or endothelial cell line), and then 
lysing and Washing in such a Way that the matrix remains 
attached to the surface of the vessel. Embryoid bodies com 
prise a heterogeneous cell population, potentially having an 
endoderrn exterior, and a mesoderrn and ectoderrn interior. 

The Direct Differentiation Method 

[0092] It has noW been discovered that pPS cells can be 
differentiated into committed precursor cells or terminally 
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differentiated cells Without forming embryoid bodies or 
aggregates as an intermediate step. 

[0093] Brie?y, a suspension of undifferentiated pPS cells is 
prepared, and then plated onto a solid surface that promotes 
differentiation. In general, cultures of pPS cells are typically 
harvested When they have proliferated to an adequate density, 
but not to the point of over-con?uence, because the cells Will 
differentiate in an uncontrolled fashion if alloWed to over 
groW. A suitable suspension can be prepared by incubating 
the culture dish With Collagenase IV for about 5-20 min, and 
then scraping the cells from the dish. The cells can be disso 
ciated, for example, by triturating in a pipette. For many types 
of differentiation, it is recommended that the cells not be 
completely dissociated, so that the majority of pPS is in 
clumps of about 10 to 200 cells. 
[0094] The suspension is then plated onto a substrate that 
promotes regulated differentiation into committed precursor 
cells. Suitable substrates include glass or plastic surfaces that 
are adherent. For example, glass coverslips can be coated With 
a poly-cationic substance, such as a polyamine like poly 
lysine, poly-ornithine, or other homogeneous or mixed 
polypeptides or other polymers With a predominant positive 
charge. The cells are then cultured in a suitable nutrient 
medium that is adapted to promote differentiation toWards the 
desired cell lineage. 
[0095] In some instances, differentiation is promoted by 
WithdraWing serum or serum replacement from the culture 
medium. This can be achieved by substituting a medium 
devoid of serum and serum replacement, for example, at the 
time of replating, by WithdraWing one or more components of 
the medium that promotes groWth of undifferentiated cells or 
inhibits differentiation. Examples include certain groWth fac 
tors, mitogens, leukemia inhibitory factor (LIF), ?broblast 
groWth factors such as bFGF, and other components in con 
ditioned medium. The neW medium is said to be “essentially 
free” of these components When it contains <5% and prefer 
ably <1% of the usual concentration of the component used in 
culturing the cells in an undifferentiated form. 

[0096] In some instances, differentiation is promoted by 
adding a medium component that promotes differentiation 
toWards the desired cell lineage, or inhibits the groWth of cells 
With undesired characteristics. For example, to generate cells 
committed to neural or glial lineages, the medium can include 
any of the folloWing factors or medium constituents in an 
effective combination: Brain derived neurotrophic factor 
(BDNF), neutrotrophin-3 (NT-3), NT-4, epidermal groWth 
factor (EGF), ciliary neurotrophic factor (CNTF), nerve 
groWth factor (NGF), retinoic acid (RA), sonic hedgehog, 
FGF-8, ascorbic acid, forskolin, fetal bovine serum (FBS), 
and bone morphogenic proteins (BMPs). Other exemplary 
factors are listed in Example 5. 

[0097] Under appropriate conditions, the direct differentia 
tion method provides a cell population that is less heteroge 
neous than What is typically found in embryoid body derived 
cells. Unless explicitly indicated otherWise, the method can 
include a small degree of overgroWth, aggregate formation, or 
formation of occasional embryoid body-like structureihoW 
ever, this is a collateral occurrence, and not required for 
differentiation of the cells into the committed precursor or 
terminally differentiated cell population desired. Typically, 
less than ~10% of the differentiated cell population Will be 
progeny of cells that greW out of embryoid bodies, With levels 
of less than ~3% or 1% being achievable in certain circum 
stances. 
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[0098] General principals for obtaining tissue cells from 
pluripotent stem cells are revieWed in Pedersen (Reprod. 
Fertil. Dev. 6:543, 1994), and US. Pat. No. 6,090,622. For 
neural progenitors, neural restrictive cells and glial cell pre 
cursors, see Bain et al., Biochem. Biophys. Res. Commun. 
200:1252, 1994; TrojanoWski et al., Exp. Neurol. 144:92, 
1997; Wojcik et al., Proc. Natl. Acad. Sci. USA 90:1305-130; 
Mujtaba et al., Dev. Biol. 214:113, 1999; and US. Pat. Nos. 
5,851,832, 5,928,947, 5,766,948, and 5,849,553. For cardiac 
muscle and cardiomyocytes see Chen et al., Dev. Dynamics 
197:217, 1993 and Wobus et al., Differentiation 48:173, 
1991. For hematopoietic progenitors, see Burkert et al., NeW 
Biol. 3:698, 1991 and Biesecker et al., Exp. Hematol. 21:774, 
1993. US. Pat. No. 5,773,255 relates to glucose-responsive 
insulin secreting pancreatic beta cell lines. US. Pat. No. 
5,789,246 relates to hepatocyte precursor cells. Other pro 
genitors of interest include but are not limited to chondro 
cytes, osteoblasts, retinal pigment epithelial cells, ?broblasts, 
skin cells such as keratinocytes, dendritic cells, hair follicle 
cells, renal duct epithelial cells, smooth and skeletal muscle 
cells, testicular progenitors, and vascular endothelial cells. 
[0099] Scientists at Geron Corporation have discovered 
that culturing pPS cells or embryoid body cells in the pres 
ence of ligands that bind groWth factor receptors promotes 
enrichment for neural precursor cells. The groWth environ 
ment may contain a neural cell supportive extracellular 
matrix, such as ?bronectin. Suitable groWth factors include 
but are not limited to EGF, bFGF, PDGF, IGF-1, and antibod 
ies to receptors for these ligands. Cofactors such as retinoic 
acid may also be included. The cultured cells may then be 
optionally separated based on Whether they express a marker 
such as A2B5. Under the appropriate circumstances, popula 
tions of cells enriched for expression of the A2B5 marker may 
have the capacity to generate both neuronal cells (including 
mature neurons), and glial cells (including astrocytes and 
oligodendrocytes. 
[0100] Optionally, the cell populations are further differen 
tiated, for example, by culturing in a medium containing an 
activator of cAMP. Factors useful in the direct differentiation 
method for producing neurons are explored in Example 5, 
beloW. Markers for identifying cell types include [3-tubulin III 
or microtubule-associated protein 2 (MAP-2), characteristic 
of neurons; glial ?brillary acidic protein (GFAP), present in 
astrocytes; galactocerebroside (GalC) or myelin basic protein 
(MBP); characteristic of oligodendrocytes; OCT-4, charac 
teristic of undifferentiated hES cells; Nestin or Musashi, 
characteristic of neural precursors and other cells; and both 
A2B5 and NCAM, Which appear on populations of neural 
precursors differentiated from pPS cells. 
[0101] Scientists at Geron Corporation have also discov 
ered that culturing pPS cells or embryoid body cells in the 
presence of a hepatocyte differentiation agent promotes 
enrichment for hepatocyte-like cells. The groWth environ 
ment may contain a hepatocyte supportive extracellular 
matrix, such as collagen or Matrigel®. Suitable differentia 
tion agents include various isomers of butyrate and their 
analogs, exempli?ed by n-butyrate. The cultured cells are 
optionally cultured simultaneously or sequentially With a 
hepatocyte maturation factor, such as an organic solvent like 
dimethyl sulfoxide (DMSO); a maturation cofactor such as 
retinoic acid; or a cytokine or hormone such as a glucocorti 
coid, epidermal groWth factor (EGF), insulin, transforming 
groWth factors (TGF-(X and TGF-B), ?broblast groWth factors 
(FGF), heparin, hepatocyte groWth factors (HGF), interleu 
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kins (IL-1 and IL-6), insulin-like growth factors (IGF-I and 
lGF-ll), and heparin-binding growth factors (HBGF-l). 

Characteristics of Differentiated Cells 

[0102] Cells can be characterized according to a number of 
phenotypic criteria. The criteria include but are not limited to 
characterization of morphological features, detection or 
quantitation of expres sed cell markers and enzymatic activity, 
and determination of the functional properties of the cells in 
vivo. 

[0103] Markers of interest for neural cells include [3-tubulin 
III or neuro?lament, characteristic of neurons; glial ?brillary 
acidic protein (GFAP), present in astrocytes; galactocerebro 
side (GalC) or myelin basic protein (MBP); characteristic of 
oligodendrocytes; Oct-4, characteristic of undifferentiated 
hES cells; nestin, characteristic of neural precursors and other 
cells. A2B5 and NCAM are characteristic of glial progenitors 
and neural progenitors, respectively. Cells can also be tested 
for secretion of characteristic biologically active substances. 
For example, GABA-secreting neurons can be identi?ed by 
production of glutamic acid decarboxylase or GABA. 
Dopaminergic neurons can be identi?ed by production of 
dopa decarboxylase, dopamine, or tyrosine hydroxylase. 
[0104] Markers of interest for liver cells include ot-fetopro 
tein (liver progenitors); albumin, al-antitrypsin, glucose-6 
phosphatase, cytochrome p450 activity, transferrin, asia 
loglycoprotein receptor, and glycogen storage (hepatocytes); 
CK7, CK19, and y-glutamyl transferase (bile epithelium). It 
has been reported that hepatocyte differentiation requires the 
transcription factor HNF-40. (Li et al., Genes Dev. 14:464, 
2000). Markers independent of HNF-40. expression include 
al-antitrypsin, ot-fetoprotein, apoE, glucokinase, insulin 
groWth factors 1 and 2, lGF-l receptor, insulin receptor, and 
leptin. Markers dependent on HNF-40. expression include 
albumin, apoAl, apoAll, apoB, apoClll, apoCll, aldolase B, 
phenylalanine hydroxylase, L-type fatty acidbinding protein, 
transferrin, retinol binding protein, and erythropoietin (EPO). 
Hepatocyte lineage cells differentiated from pPS cells Will 
typically display at least three of the folloWing markers: 
al-antitrypsin (AAT) synthesis, albumin synthesis, asia 
loglycoprotein receptor (ASGR) expression, absence of ot-fe 
toprotein, evidence of glycogen storage, evidence of cyto 
chrome p450 activity, and evidence of glucose-6-phosphatase 
activity. 
[0105] Markers of interest for other cell types include the 
folloWing. For cardiomyocytes: GATA-4, Nl<x2.5, cardiac 
troponin I, ANF, ot-cardiac myosin heavy chain (ot-MHC), 
actin, or ventricular myosin light chain 2 (MLC-2v). See 
Wobus et al., J. Mol. Cell. Cardiol. 29:1525, 1997. For skel 
etal muscle: myoD, myogenin, and myf-5. For endothelial 
cells: PECAM (platelet endothelial cell adhesion molecule), 
Elk-1, tie-1, tie-2, vascular endothelial (V E) cadherin, 
MECA-32, and MEC-14.7. For smooth muscle cells: speci?c 
myosin heavy chain. For pancreatic cells, pdx and insulin 
secretion. For hematopoietic cells and their progenitors: 
GATA-l, CD34, [3-major globulin, and u-major globulin like 
gene PHl. 
[0106] Certain tissue-speci?c markers listed in this disclo 
sure or knoWn in the art can be detected by immunological 
techniquesisuch as How immunocytochemistry for cell-sur 
face markers, immunohistochemistry (for example, of ?xed 
cells or tissue sections) for intracellular or cell-surface mark 
ers, Western blot analysis of cellular extracts, and enzyme 
linked immunoassay, for cellular extracts or products 
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secreted into the medium. The expression of tissue-speci?c 
gene products can also be detected at the mRNA level by 
Northern blot analysis, dot-blot hybridization analysis, or by 
reverse transcriptase initiated polymerase chain reaction (RT 
PCR) using sequence-speci?c primers in standard ampli?ca 
tion methods. Sequence data for the particular markers listed 
in this disclosure can be obtained from public databases such 
as GenBank (URL WWW.ncbi.nim.nih.gov:80/entrez). 
Expression of tissue-speci?c markers as detected at the pro 
tein or mRNA level is considered positive if the level is at least 
2-fold, and preferably more than 10- or 50-fold above that of 
a control cell, such as an undifferentiated pPS cell, a ?bro 
blast, or other unrelated cell type. 
[0107] The system provided by this invention alloWs pro 
duction of a relatively uniform cell population, Without the 
complexity of cells often obtained by forming embryoid bod 
ies. Cell populations derived by direct differentiation may be 
50%, 75%, 90%, or 98% homogeneous in terms of morpho 
logical characteristics of the desired cell type, or expression 
of any of the markers indicated above. They may also be 
relatively devoid of undesired cell types, such as endothelial 
cells, mesenchymal cells, ?broblasts, smooth muscle cells, 
cells expressing ot-myosin heavy chain, or other particular 
cell types of the endoderm, mesoderrn, or ectoderm. 

Modifying Differentiated Cells 

[0108] Differentiated cells of this invention can be geneti 
cally altered in a manner that permits the genetic alteration to 
be either transient, or stable and inheritable as the cells divide. 
Undifferentiated cells can be genetically altered and then 
differentiated into the desired phenotype, or the cells can be 
differentiated ?rst before genetic alteration. 
[0109] Where the pPS cells are genetically altered before 
differentiation, the genetic alteration can be performed on a 
permanent feeder cell line that has resistance genes for drugs 
used to select for transformed cells, or on pPS cells groWn in 
feeder-free culture. 
[0110] Suitable methods for transferring vector plasmids 
into hES cells include lipid/DNA complexes, such as those 
described in US. Pat. Nos. 5,578,475; 5,627,175; 5,705,308; 
5,744,335; 5,976,567; 6,020,202; and 6,051,429. Suitable 
reagents include lipofectamine, a 3:1 (W/W) liposome formu 
lation of the poly-cationic lipid 2,3-dioleyloxy-N-[2(spermi 
necarboxamido)ethyl] -N,N-dimethyl- 1 -propanaminium trif 
luoroacetate (DOSPA) (Chemical Abstracts Registry name: 
N-[2-(2, 5-bis[(3 -aminopropyl)amino]-1-oxpentyl}amino) 
ethyl] -N,N-dimethyl-2,3-bis(9 -octadecenyloxy)-1 -propan 
aminium tri?uoroacetate), and the neutral lipid dioleoyl 
phosphatidylethanolamine (DOPE) in membrane ?ltered 
Water. Exemplary is the formulation Lipofectamine 2000TM 
(available from Gibco/Life Technologies # 11668019). Other 
reagents include: FuGENETM 6 Transfection Reagent (a 
blend of lipids in non-liposomal form and other compounds 
in 80% ethanol, obtainable from Roche Diagnostics Corp. # 
1814443); and LipoTAXlTM transfection reagent (a lipid for 
mulation from lnvitrogen Corp., # 204110). Suitable viral 
vector systems for producing hES cells With stable genetic 
alterations are based on adenovirus and retrovirus, and may 
be prepared using commercially available virus components. 
[0111] For therapeutic use, it is usually desirable that dif 
ferentiated cell populations be substantially free of undiffer 
entiated pPS cells. One Way of depleting undifferentiated 
stem cells from the population is to transfect them With a 
vector in Which an effector gene under control of a promoter 
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that causes preferential expression in undifferentiated cells. 
Suitable promoters include the TERT promoter and the 
OCT-4 promoter. The effector gene may be directly lytic to 
the cell (encoding, for example, a toxin or a mediator of 
apoptosis). Alternatively, the effector gene may render the 
cell susceptible to toxic effects of an external agent, such as an 
antibody or a prodrug. Exemplary is a herpes simplex thymi 
dine kinase (tk) gene, Which causes cells in Which it is 
expressed to be susceptible to ganciclovir. Suitable TERT 
promoter tk constructs are provided in W0 98/ 14593 (Morin 
et al.). 

Increasing Replicative Capacity of Differentiated Cells 

[0112] It is desirable that certain differentiated cells have 
the ability to replicate in certain drug screening and therapeu 
tic applications. Cells can optionally be telomeriZed to 
increase their replication potential, either before or after they 
progress to restricted developmental lineage cells or termi 
nally differentiated cells. pPS cells that are telomeriZed may 
be taken doWn the differentiation pathWay described earlier; 
or differentiated cells can be telomeriZed directly. 
[0113] Before and after telomeriZation, telomerase activity 
and expression of hTERT gene product can be determined 
using commercially available reagents and established meth 
ods. For example, pPS cells are evaluated for telomerase 
using TRAP activity assay (Kim et al., Science 266:2011, 
1997; Weinrich et al., Nature Genetics 17:498, 1997). Expres 
sion of hTERT at the mRNA level is evaluated by RT-PCR. 
[0114] Cells are telomeriZed by genetically altering them 
by transfection or transduction With a suitable vector, 
homologous recombination, or other appropriate technique, 
so that they express the telomerase catalytic component 
(TERT). Particularly suitable is the catalytic component of 
human telomerase (hTERT), provided in International Patent 
Publication W0 98/ 14592. For certain applications, species 
homologs like mouse TERT (WO 99/271 13) can also be used. 
Transfection and expression of telomerase in human cells is 
described in Bodnar et al., Science 279:349, 1998 and Jiang et 
al., Nat. Genet. 21:111, 1999. In another example, hTERT 
clones (W0 98/ 14592) are used as a source of hTERT encod 
ing sequence, and spliced into an EcoRI site of a PBBS212 
vector under control of the MPSV promoter, or into the EcoRI 
site of commercially available pBABE retrovirus vector, 
under control of the LTR promoter. Differentiated or undif 
ferentiated pPS cells are genetically altered using vector con 
taining supematants over a 8-16 h period, and then exchanged 
into groWth medium for 1-2 days. Genetically altered cells are 
selected using 0.5-2.5 ug/mL puromycin, and recultured. 
They can then be assessed for hTERT expression by RT-PCR, 
telomerase activity (TRAP assay), immunocytochemical 
staining for hTERT, or replicative capacity. Continuously 
replicating colonies Will be enriched by further culturing 
under conditions that support proliferation, and cells With 
desirable phenotypes can optionally be cloned by limiting 
dilution. 
[0115] In certain embodiments of this invention, pPS cells 
are differentiated, and then genetically altered to express 
TERT. In other embodiments of this invention, pPS cells are 
genetically altered to express TERT, and then differentiated. 
Successful modi?cation to increase TERT expression can be 
determined by TRAP assay, or by determining Whether the 
replicative capacity of the cells has improved. 
[0116] Other methods of immortaliZing cells are also con 
templated, such as transforming the cells With DNA encoding 
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the SV40 large T antigen (US. Pat. No. 5,869,243, Intema 
tional Patent Publication WO 97/32972). Transfection With 
oncogenes or oncovirus products is less suitable When the 
cells are to be used for therapeutic purposes. TelomeriZed 
cells are of particular interest in applications of this invention 
Where it is advantageous to have cells that can proliferate and 
maintain their karyotypeifor example, in pharmaceutical 
screening, and in therapeutic protocols Where differentiated 
or partially differentiated cells are administered to an indi 
vidual as part of a protocol to achieve tissue regeneration. 

Use of Differentiated Cells 

[0117] This description provides a method by Which large 
numbers of pluripotent cells can be produced commercially, 
and then differentiated into committed precursor cells or ter 
minally differentiated cells. These cell populations can be 
used for a number of important research, development, and 
commercial purposes. 

Preparation of Expression Libraries and Speci?c Antibody 

[0118] The differentiated cells of this invention can also be 
used to prepare speci?c antibody for phenotypic markers of 
differentiated cells. Polyclonal antibodies can be prepared by 
injecting a vertebrate animal With cells of this invention in an 
immunogenic form. Production of monoclonal antibodies is 
described in such standard references as HarroW & Lane 
(1988), US. Pat. Nos. 4,491,632, 4,472,500 and 4,444,887, 
and Methods in Enzymology 73B:3 (1981). Other methods of 
obtaining speci?c antibody molecules (optimally in the form 
of single-chain variable regions) involve contacting a library 
of immunocompetent cells or viral particles With the target 
antigen, and groWing out positively selected clones. See 
Marks et al., New Eng. J. Med. 335:730, 1996, International 
Patent Publications W0 94/ 13804, WO 92/01047, WO 
90/02809, and McGuiness et al., Nature Biotechnol. 14: 1449, 
1 996. 
[0119] By positively selecting using pPS of this invention, 
and negatively selecting using cells bearing more broadly 
distributed antigens (such as differentiated embryonic cells) 
or adult-derived stem cells, the desired speci?city can be 
obtained. The antibodies in turn can be used to identify or 
rescue cells of a desired phenotype from a mixed cell popu 
lation, for purposes such as costaining during immunodiag 
nosis using tissue samples, and isolating precursor cells from 
terminally differentiated cells, and cells of other lineages. 
[0120] Differentiated pPS cells of this invention can also be 
used to prepare mRNA and cDNA libraries that re?ect the 
gene expression patterns of these cells. mRNA and cDNA can 
also be made from undifferentiated cells, and used to produce 
subtraction libraries enriched for transcripts that are up- or 
doWn-regulated during differentiation. Further information 
can be found in US. patent application Ser. No. 09/688,031. 

Screening Proliferation Factors, Differentiation Factors, and 
Pharmaceuticals 

[0121] pPS cells can be used to screen for factors (such as 
small molecule drugs, peptides, polynucleotides, and the 
like) or conditions (such as culture conditions or manipula 
tion) that affect the characteristics of pPS cells in culture. This 
system has the advantage of not being complicated by a 
secondary effect caused by perturbation of the feeder cells by 
the test compound. In one application, groWth affecting sub 
stances are tested. The conditioned medium is WithdraWn 
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from the culture and a simpler medium (such as KO DMEM) 
is substituted. Different Wells are then treated With different 
cocktails of soluble factors that are candidates for replacing 
the components of the conditioned medium. E?icacy of each 
mixture is determined if the treated cells are maintained and 
proliferate in a satisfactory manner, optimally as Well as in 
conditioned medium. Potential differentiation factors or con 
ditions can be tested by treating the cells according to the test 
protocol, and then determining Whether the treated cell devel 
ops functional or phenotypic characteristics of a differenti 
ated cell of a particular lineage. 
[0122] Feeder-free pPS cultures can also be used for the 
testing of pharmaceutical compounds in drug research. 
Assessment of the activity of candidate pharmaceutical com 
pounds generally involves combining the differentiated cells 
of this invention With the candidate compound, determining 
any resulting change, and then correlating the effect of the 
compound With the observed change. The screening may be 
done, for example, either because the compound is designed 
to have a pharmacological effect on certain cell types, or 
because a compound designed to have effects elseWhere may 
have unintended side effects. TWo or more drugs can be tested 
in combination (by combining With the cells either simulta 
neously or sequentially), to detect possible drug-drug inter 
action effects. In some applications, compounds are screened 
initially for potential toxicity (Castell et al., pp 375-410 in “In 
vitro Methods in Pharmaceutical Research,”Academic Press, 
1997). Cytotoxicity can be determined by the effect on cell 
viability, survival, and morphology, on the expression or 
release of certain markers, receptors or enzymes, on DNA 
synthesis or repair, measured by [3H]-thymidine or BrdU 
incorporation, or on sister chromatid exchange, determined 
by metaphase spread. The reader is referred generally to the 
standard textbook “In vitro Methods in Pharmaceutical 
Research”, Academic Press, 1997, and US. Pat. No. 5,030, 
01 5. 

Genomics 

[0123] Suitable methods for comparing expression at the 
protein level include the immunoassay or immunocytochem 
istry techniques described above. Suitable methods for com 
paring expression at the level of transcription include meth 
ods of differential display of mRNA (Liang et al., Cancer Res. 
52:6966, 1992), and matrix array expression systems (Schena 
et al., Science 2701467, 1995; Eisen et al., Methods Enzymol. 
303:179, 1999; BroWn et al., Nat. Genet. 21 Suppl 1:33, 
1 999). 
[0124] The use of microarray in analyzing gene expression 
is revieWed generally by Fritz et al Science 288:316, 2000; 
“Microarray Biochip Technology”, M. Schena ed., Eaton 
Publishing Company; “Microarray analysis”, GWynne & 
Page, Science (Aug. 6, 1999 supplement); Pollack et al., Nat 
Genet. 23:41, 1999; Gerhold et al., Trends Biochem. Sci. 
241168, 1999; “Gene Chips (DNA Microarrays)”, L. Shi at 
the Internet URL WWW.Gene-Chips.com. Systems and 
reagents for performing microarray analysis are available 
commercially from companies such as Affymetrix, Inc., 
Santa Clara Calif.; Gene Logic Inc., Columbia Md.; HySeq 
Inc., Sunnyvale Calif.; Molecular Dynamics Inc., Sunnyvale 
Calif.; Nanogen, San Diego Calif.; and Synteni Inc., Fremont 
Calif. (acquired by Incyte Genomics, Palo Alto Calif.). 
[0125] Solid-phase arrays are manufactured by attaching 
the probe at speci?c sites either by synthesizing the probe at 
the desired position, or by presynthesizing the probe fragment 
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and then attaching it to the solid support. A variety of solid 
supports can be used, including glasses, plastics, ceramics, 
metals, gels, membranes, paper, and beads of various com 
position. U.S. Pat. No. 5,445,934 discloses a method of on 
chip synthesis, in Which a glass slide is derivatized With a 
chemical species containing a photo-cleavable protecting 
group. Each site is sequentially deprotected by irradiation 
through a mask, and then reacted With a DNA monomer 
containing a photoprotective group. Methods for attaching a 
presynthesized probe onto a solid support include adsorption, 
ultra violet linking, and covalent attachment. In one example, 
the solid support is modi?ed to carry an active group, such as 
hydroxyl, carboxyl, amine, aldehyde, hydrazine, epoxide, 
bromoacetyl, maleimide, or thiol groups through Which the 
probe is attached (US. Pat. Nos. 5,474,895 and 5,514,785). 
[0126] The probing assay is typically conducted by con 
tacting the array by a ?uid potentially containing the nucle 
otide sequences of interest under suitable conditions for 
hybridization conditions, and then determining any hybrid 
formed. For example, mRNA or DNA in the sample is ampli 
?ed in the presence of nucleotides attached to a suitable label, 
such as the ?uorescent labels Cy3 or Cy5. Conditions are 
adjusted so that hybridization occurs With precise comple 
mentary matches or With various degrees of homology, as 
appropriate. The array is then Washed, and bound nucleic acid 
is determined by measuring the presence or amount of label 
associated With the solid phase. Different samples can be 
compared betWeen arrays for relative levels of expression, 
optionally standardized using genes expressed in most cells 
of interest, such as a ribosomal or housekeeping gene, or as a 
proportion of total polynucleotide in the sample. Altema 
tively, samples from tWo or more different sources can be 
tested simultaneously on the same array, by preparing the 
ampli?ed polynucleotide from each source With a different 
label. 

[0127] An exemplary method is conducted using a Genetic 
Microsystems array generator, and anAxon GenepixTM Scan 
ner. Microarrays are prepared by ?rst amplifying cDNA frag 
ments encoding marker sequences to be analyzed in a 96 or 
384 Well format. The cDNA is then spotted directly onto glass 
slides at a density as high as >5,000 per slide. To compare 
mRNA preparations from tWo cells of interest, one prepara 
tion is converted into Cy3-labeled cDNA, While the other is 
converted into Cy5-labeled cDNA. The tWo cDNA prepara 
tions are hybridized simultaneously to the microarray slide, 
and then Washed to eliminate non-speci?c binding. Any given 
spot on the array Will bind each of the cDNA products in 
proportion to abundance of the transcript in the tWo original 
mRNA preparations. The slide is then scanned at Wavelengths 
appropriate for each of the labels, the resulting ?uorescence is 
quanti?ed, and the results are formatted to give an indication 
of the relative abundance of mRNA for each marker on the 
array. 

[0128] Identifying expression products for use in charac 
terizing and affecting differentiated cells of this invention 
involves analyzing the expression level of RNA, protein, or 
other gene product in a ?rst cell type, such as a pluripotent 
precursor cell, or a cell capable of differentiating along a 
particular pathWay; then analyzing the expression level of the 
same product in a control cell type; comparing the relative 
expression level betWeen the tWo cell types, (typically nor 
malized by total protein or RNA in the sample, or in compari 
son With another gene product expected to be expressed at a 
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similar level in both cell types, such as a house-keeping gene); 
and then identifying products of interest based on the com 
parative expression level. 
[0129] Products Will typically be of interest if their relative 
expression level is at least about 2-fold, 10-fold, or 100-fold 
elevated (or suppressed) in differentiated pPS cells of this 
invention, in comparison With the control. This analysis can 
optionally be computer-assisted, by marking the expression 
level in each cell type on an independent axis, Wherein the 
position of the mark relative to each axis is in accordance With 
the expression level in the respective cell, and then selecting 
a product of interest based on the position of the mark. Alter 
natively, the difference in expression betWeen the ?rst cell 
and the control cell can be represented on a color spectrum 
(for example, Where yelloW represents equivalent expression 
levels, red indicates augmented expression and blue repre 
sents suppressed expression). The product of interest can then 
be selected based on the color representing expression of one 
marker of interest, or based on a pattern of colors representing 
a plurality of markers. 

[0130] Genes and proteins that undergo a change in expres 
sion level during differentiation are of interest for a number of 
purposes. For example, Where expression is high in pPS cells 
and decreases during differentiation can be used as molecular 
markers of the undifferentiated state. Reagents corresponding 
to these markers, such as antibodies, can be used, for 
example, to eliminate undifferentiated pPS cells from a popu 
lation of differentiated cells by immunoaf?nity isolation or 
complement-mediated lysis. Where expression is increased 
during differentiation, the markers can be used in a similar 
manner to purify, enrich, remove or eliminate speci?c cell 
types derived from pPS cells. These markers may serve as 
indicators of broad classes of cell differentiation, such as 
genes or proteins expressed in mesodermal, endodermal or 
ectodermal lineages, or may serve as markers of highly dif 
ferentiated cell types. 
[0131] Genes that are upregulated during expression may 
also be useful to in?uence the differentiation of pPS cells into 
speci?c lineages. For instance, the forced expression in undif 
ferentiated pPS cells of transgenes encoding transcription 
factors, groWth factors, receptors and signaling molecules can 
be tested for an ability to in?uence differentiation into spe 
ci?c cell lineages. 
[0132] Once the sequence of mRNA preferentially 
expressed or repressed in differentiated cells is determined, it 
can be used in the manufacture of polynucleotides that con 
tain such sequences, polypeptides they encode, and antibody 
speci?c for the polypeptides. Oligonucleotides of less than 
~50 base pairs are conveniently prepared by chemical syn 
thesis, either through a commercial service or by a knoWn 
synthetic method, such as solid phase synthesis (Hirose et al., 
Tetra. Lett. 19:2449-2452, 1978; US. Pat. No. 4,415,732). 
Polynucleotides can also be manufactured by PCR ampli? 
cation using a template With the desired sequence (US. Pat. 
Nos. 4,683,195 and 4,683,202). Production scale amounts of 
large polynucleotides are conveniently obtained by inserting 
the desired sequence into a suitable cloning vector, and either 
reproducing the clone, or transfecting the sequence into a 
suitable host cell. Short polypeptides can be prepared by 
solid-phase chemical synthesis: see Dugas & Penney, Bioor 
ganic Chemistry, Springer-Verlag NY pp 54-92 (1981). 
Longer polypeptides are conveniently manufactured by trans 
lation in an in vitro translation system, or by expression in a 
suitable host cell (US. Pat. No. 5,552,524). Polyclonal and 
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monoclonal antibody speci?c for polypeptides encoded by 
mRNA and cDNA of this invention can be obtained by deter 
mining amino acid sequence from a protein encoding region 
in an expression library, and immunizing an animal or con 
tacting an immunocompetent cell or particle With a protein 
containing the determined sequence, according to standard 
techniques. 

Therapeutic Compositions 
[0133] Differentiated cells of this invention can also be 
used for tissue reconstitution or regeneration in a human 
patient in need thereof. The cells are administered in a manner 
that permits them to graft to the intended tissue site and 
reconstitute or regenerate the functionally de?cient area. 
[0134] In one example, neural stem cells are transplanted 
directly into parenchymal or intrathecal sites of the central 
nervous system, according to the disease being treated. Grafts 
are done using single cell suspension or small aggregates at a 
density of 25,000-500,000 cells per [1L (US. Pat. No. 5,968, 
829). The ef?cacy of neural cell transplants can be assessed in 
a rat model for acutely injured spinal cord as described by 
McDonald et al. (Nat. Med. 5:1410, 1999. A successful trans 
plant Will shoW transplant-derived cells present in the lesion 
2-5 Weeks later, differentiated into astrocytes, oligodendro 
cytes, and/ or neurons, and migrating along the cord from the 
lesioned end, and an improvement in gate, coordination, and 
Weight-bearing. 
[0135] The e?icacy of cardiomyocytes can be assessed in 
an animal model for cardiac cryoinjury, Which causes 55% of 
the left ventricular Wall tissue to become scar tissue Without 
treatment (Li et al.,Ann. Thorac. Surg. 62:654, 1996; Sakai et 
al., Ann. Thorac. Surg. 8:2074, 1999, Sakai et al., J. Thorac. 
Cardiovasc. Surg. 118:715, 1999). Successful treatment Will 
reduce the area of the scar, limit scar expansion, and improve 
heart function as determined by systolic, diastolic, and devel 
oped pressure. Cardiac injury can also be modeled using an 
emboliZation coil in the distal portion of the left anterior 
descending artery (Watanabe et al., Cell Transplant. 7:239, 
1998), and e?icacy of treatment can be evaluated by histology 
and cardiac function. Cardiomyocyte preparations embodied 
in this invention can be used in therapy to regenerate cardiac 
muscle and treat insuf?cient cardiac function (US. Pat. No. 
5,919,449 and WO 99/03973). 
[0136] Hepatocytes and hepatocyte precursors can be 
assessed in animal models for ability to repair liver damage. 
One such example is damage caused by intraperitoneal inj ec 
tion of D-galactosamine (Dabeva et al., Am. J. Pathol. 143: 
1606, 1993). Ef?cacy of treatment can be determined by 
immunocytochemical staining for liver cell markers, micro 
scopic determination of Whether canalicular structures form 
in groWing tissue, and the ability of the treatment to restore 
synthesis of liver-speci?c proteins. Liver cells can be used in 
therapy by direct administration, or as part of a bioassist 
device that provides temporary liver function While the sub 
ject’s liver tissue regenerates itself folloWing fulminant 
hepatic failure. 
[0137] Cells prepared according to this invention that are 
useful for human or veterinary therapy are optimally supplied 
in a pharmaceutical composition, comprising an isotonic 
excipient prepared under suf?ciently sterile conditions for 
human administration. For general principles in medicinal 
formulation, the reader is referred to Cell Therapy: Stem Cell 
Transplantation, Gene Therapy, and Cellular Immuno 
therapy, by G. Morstyn & W. Sheridan eds, Cambridge Uni 
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versity Press, 1996; andHemalopoieZic Stem Cell Therapy, E. 
D. Ball, J. Lister & P. LaW, Churchill Livingstone, 2000. The 
compositions may be packaged With Written instructions for 
use of the cells in tissue regeneration, or restoring a therapeu 
tically important metabolic function. 
[0138] The examples that folloW are provided by Way of 
further illustration, and are not meant to imply any limitation 
in the practice of the claimed invention. 

EXAMPLES 

Example 1 

Feeder-Free Passage of hES Cells 

[0139] Undifferentiated hES cells isolated on primary 
mouse embryonic feeder cells Were propagated in the absence 
of feeder cells. The culture Wells Were coated With Matrigel®, 
and the cells Were cultured in the presence of conditioned 
nutrient medium obtained from a culture of irradiated pri 
mary ?broblasts. 
Preparation of Conditioned Media (CM) from Primary 
Mouse Embryonic Fibroblasts (mEF): 
[0140] Fibroblasts Were harvested from T150 ?asks by 
Washing once With Ca""/Mg++ free PBS and incubating in 
1.5-2 mL trypsin/EDTA (Gibco) for about 5 min. After the 
?broblasts detached from the ?ask, they Were collected in 
mEF media (DMEM+10% FBS). The cells Were irradiated at 
4000 rad (508 sec at 140 kV: shelf setting 6 in a Torrex 
generator), counted and seeded at about 55,000 cells cm“2 in 
mEF media (525,000 cells/Well of a 6 Well plate). After at 
least 4 hours the media Were exchanged With SR containing 
ES media, using 3-4 mL per 9.6 cm Well of a 6 Well plate. 
Conditioned media Was collected daily for feeding of hES 
cultures. Alternatively, medium Was prepared using mEF 
plated in culture ?asks, exchanging medium daily at 0.3-0.4 
mL cm_2. Before addition to the hES cultures, the condi 
tioned medium Was supplemented With 4 ng/mL of human 
bFGF (Gibco). Fibroblast cultures Were used in this system 
for about 1 Week, before replacing With neWly prepared cells. 

Matrigel® Coating: 

[0141] GroWth Factor Reduced Matrigel® or regular 
Matrigel® (Becton-Dickinson, Bedford Mass.) Was thaWed 
at 4° C. The Matrigel® Was diluted 1:10 to 1:500 (typically 
1:30) in cold KO DMEM. 0.75-1.0 mL ofsolution Was added 
to each 9.6 cm2 Well, and incubated at room temperature for 1 
h, or at 4° C. at least overnight. The coated Wells Were Washed 
once With cold KO DMEM before adding cells. Plates Were 
used Within 2 h after coating, or stored in DMEM at 4° C. and 
used Within ~1 Week. 

Human ES Culture: 

[0142] Undifferentiated hES colonies Were harvested from 
hES cultures on feeders as folloWs. Cultures Were incubated 
in ~200 U/mL collagenase IV for about 5 minutes at 37° C. 
Colonies Were harvested by picking individual colonies up 
With a 20 [LL pipet tip under a microscope or by scraping and 
dissociating into small clusters in conditioned medium (CM). 
These cells Were then seeded onto Matrigel® in conditioned 
media at 15 colonies to each 9.6 cm2 Well (if 1 colony is 
~10,000 cells, then the plating density is ~15,000 cells cm_2). 
[0143] The day after seeding on Matrigel®, hES cells Were 
visible as small colonies (~100-2,000 cells) and there Were 
cells in betWeen the colonies that appeared to be differentiat 
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ing or dying. As the hES cells proliferated, the colonies 
became quite large and very compact, representing the maj or 
ity of surface area of the culture dish. The hES cells in the 
colonies had a high nucleus to cytoplasm ratio and had promi 
nent nucleoli, similar to hES cells maintained on feeder cells. 
At con?uence, the differentiated cells in betWeen the colonies 
represented less than 10% of the cells in the culture. 

[0144] Six days after seeding, the cultures had become 
almost con?uent. The cultures Were split by incubating With 
1 mL ~200 U/mL Collagenase IV solution in KO DMEM for 
~5 minutes at 37° C. The collagenase solution Was aspirated, 
2 mL hES medium Was added per Well, and the hES cells Were 
scraped from the dish With a pipette. The cell suspension Was 
transferred to a 15 mL conical tube, brought up to a volume of 
6 mL, and gently triturated to dissociate the cells into small 
clusters of 10-2000 cells. The cells Were then re-seeded on 
Matrigel® coated plates in CM, as above. Cells Were seeded 
at a 1:3 or 1:6 ratio, approximately 90,000 to 170,000 cells 
cm_2, making up the volume in each Well to 3 mL. Medium 
Was changed daily, and the cells Were split andpassaged again 
at 13 d and again at 19 d after initial seeding. 

[0145] Undifferentiated hES cells express SSEA-4, Tra-1 
60, Tra-1-81, OCT-4, and hTERT. In order to assess Whether 
the cells maintained in feeder-free conditions retained these 
markers, cells Were evaluated by immunostaining, reverse 
transcriptase PCR ampli?cation, and assay for telomerase 
activity. As assayed by ?uorescence-activated cell sorting, 
cells on Matrigel®, laminin, ?bronectin or collagen IV 
expressed SSEA-4, Tra-1-60 and Tra-1-81. There Was very 
little expression of SSEA-1, a glycolipid that is not expressed 
by undifferentiated hES cells. Immunocytochemistry analy 
sis shoWs that SSEA-4, Tra-1-60, Tra-1-81, and alkaline 
phosphatase Were expressed by the hES colonies on Matri 
gel® or laminin, as seen for the cells on feedersibut not by 
the differentiated cells in betWeen the colonies. 

[0146] FIG. 1 shoWs OCT-1 and hTERT expression of H1 
cells on feeders and off feeders, as detected by reverse-tran 
scriptase PCR ampli?cation. For radioactive relative quanti 
?cation of individual gene products, QuantumRNATM 
Alternate18S Internal Standard primers (Ambion, Austin 
Tex., USA) Were employed according to the manufacturer’s 
instructions. Brie?y, the linear range of ampli?cation of a 
particular primer pair Was determined, then coampli?ed With 
the appropriate mixture of alternate1 8S primers :competimers 
to yield PCR products With coinciding linear ranges. Before 
addition of AmpliTaqTM (Roche) to PCR reactions, the 
enZyme Was pre-incubated With the TaqStartTM antibody 
(ProMega) according to manufacturer’s instructions. Radio 
active PCR reactions Were analyZed on 5% non-denaturing 
polyacrylamide gels, dried, and exposed to phosphoimage 
screens (Molecular Dynamics) for 1 hour. Screens Were 
scanned With a Molecular Dynamics Storm 860 and band 
intensities Were quanti?ed using ImageQuantTM softWare. 
Results are expressed as the ratio of radioactivity incorpo 
rated into the hTERT or OCT-4 band, standardiZed to the 
radioactivity incorporated into the 18s band. 
[0147] Primers and ampli?cation conditions for particular 
markers are as folloWs. OCT-4: Sense (SEQ. ID NO: 1) 5'-CT 
TGCTGCAG AAGTGGGTGG AGGAA-3'; Antisense 
(SEQ. ID NO:2) 5'-CTGCAGTGTG GGTTTCGGGC A-3'; 
altemate18:competimers 1:4; 19 cycles (94° 30 sec; 60° 30 
sec; 72° 30 sec). hTERT: Sense (SEQ. ID NO:3) 5'-CGGAA 
GAGTG TCTGGAGCAA-3'; Antisense (SEQ. ID NO:4) 
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5'-GGATGAAGCG GAGTCTGGA-3'; alternate18:compe 
timers 1:12; 34 cycles (940 30 sec; 60° 30 sec; 72° 30 sec). 
[0148] The transcription factor OCT-4 is normally 
expressed in the undifferentiated hES cells and is doWn 
regulated upon differentiation. The cells maintained on 
Matrigel® or laminin in conditioned medium (CM) for 21 
days express OCT-4, Whereas cells maintained in Matrigel® 
in unconditioned regular medium (RM) did not. Cells main 
tained on ?bronectin or collagen IV, Which shoWed a large 
degree of differentiation, expressed loWer levels of OCT-4 
compared to cells on feeders, Matrigel® or laminin. 
[0149] Telomerase activity Was measured by TRAP assay 
(Kim et al., Science 266:2011, 1997; Weinrich et al., Nature 
Genetics 17:498, 1997). All the cultures conditions shoWed 
positive telomerase activity after 40 days on Matrigel®, lami 
nin, ?bronectin or collagen IV in mEF conditioned medium. 

Example 2 

Direct Differentiation of hES Cells 

[0150] Differentiation using standard methods of aggregate 
formation Was compared With a technique of this invention in 
Which cells are differentiated by plating directly onto a solid 
surface under certain conditions. 
[0151] For the aggregate differentiation technique, mono 
layer cultures of rhesus and human ES lines Were harvested 
by incubating in Collagenase IV for 5-20 min, and the cells 
Were scraped from the plate. The cells Were then dissociated 
and plated in non-adherent cell culture plates in PBS-contain 
ing medium (20% non-heat-inactivated FBS (Hyclone), 
supplemented With 0.1 mM non-essential amino acids, 1 mM 
glutamine, 0.1 mM [3-mercaptoethanol. The EBs Were fed 
every other day by the addition of 2 mL of medium per Well 
(6 Well plate). When the volume of medium exceeded 4 
mL/Well, the EBs Were collected and resuspended in fresh 
medium. The plates Were placed into a 37° C. incubator, and 
in some instances, a rocker Was used to facilitate maintaining 
aggregates in suspension. After 4-8 days in suspension, 
aggregate bodies formed and Were plated onto a substrate to 
alloW for further differentiation. 
[0152] For the direct differentiation technique, suspensions 
of rhesus and human ES cells Were prepared in a similar 
fashion. The cells Were then dissociated by trituration to 
clusters of ~50-100 cells, and plated onto glass coverslips 
treated With poly-ornithine. The cells Were maintained in 
serum containing medium, or de?ned medium for 7-10 days 
before analysis. Cells Were tested by immunoreactivity for 
[3-tubulin III and MAP-2, Which are characteristic of neurons, 
and glial ?brillary acidic protein (GFAP), Which is character 
istic of astrocytes. 
[0153] Six different ES lines differentiated into cells bear 
ing markers for neurons and astrocytes, using either the 
aggregate or direct differentiation technique. In cultures 
derived from rhesus ES cells, percentage of aggregates that 
contained neurons ranged from 49% to 93%. In cultures 
derived from human ES cells, the percentage of aggregates 
containing neurons ranged from 60% to 80%. Double label 
ing for GABA and [3-tubulin indicated that a sub-population 
of the neurons express the inhibitory neurotransmitter 
GABA. Astrocytes and oligodendrocytes Were identi?ed With 
GFAP immune reactivity and GalC immune reactivity, 
respectively. Therefore, the human and rhesus ES cells have 
the capacity to form all three major cell phenotypes in the 
central nervous system. 
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[0154] The effect of several members of the neurotrophin 
groWth factor family Was examined. hES cells Were differen 
tiated by harvesting With collagenase, dissociating, and 
reseeding onto poly-ornithine coated cover slips. The cells 
Were plated into DMEM/F12+N2+10% FBS overnight. The 
folloWing day, the serum Was removed from the medium and 
replaced With 10 ng/mL human bFGF and the groWth factor 
being tested. After 24 hours, bFGF Was removed from the 
medium. These cultures Were fed every other day. They Were 
?xed after 7 days of differentiation and immunostained for 
analysis. The number of neurons Was evaluated by counting 
cells positive for [3-tubulin. Cultures maintained in the pres 
ence of 10 ng/mL brain derived neurotrophic factor (BDNF) 
formed approximately 3-fold more neurons than the control 
cultures. Cultures maintained in neurotrophin-3 (1 ng/mL) 
formed approximately 2-fold more neurons than control cul 
tures. 

[0155] To assess cardiomyocyte formation, EBs Were 
transferred to gelatin-coated plates or chamber slides after 4 
days in the suspension cultures. The EBs attached to the 
surface after seeding, proliferated and differentiated into dif 
ferent types of cells. Spontaneously contracting cells Were 
observed in various regions of the culture at differentiation 
day 8 and the number of beating regions increased until about 
day 10. In some cases, more than 75% of the EBs had con 
tracting regions. Beating cells Were morphologically similar 
to mouse ES cell-derived beating cardiomyocytes. In these 
cultures 100% of the contracting areas Were immunoreactive 
With cardiac troponin I (cTnI), While minimal immunoreac 
tivity Was observed in the non-beating cells. 

[0156] Cultures of differentiated EBs Were subjected to 
Western blot analysis using monoclonal antibody against 
cTnI. This assay gave a strong 31 kDa protein signal, corre 
sponding to the siZe of the puri?ed native human cTnI. It Was 
detected in differentiated human ES cells containing con 
tracting cells, but not in undifferentiated ES cells or differen 
tiated cultures With no evidence of contracting cells. As a 
control, the blot Was reprobed With [3-actin speci?c antibody, 
con?rming the presence of similar amounts of proteins in all 
samples. 
[0157] In other experiments, EBs Were cultured for 8 or 16 
days and maintained as adherent cultures for an additional 10 
days. RNA Was prepared from the differentiated human ES 
cells and semiquantitative RT-PCR Was performed to detect 
the relative expression of the endoderm-speci?c products 
al-anti-trypsin, AFP, and albumin. LoW levels of (XI-211111 
trypsin and AFP Were detected in the undifferentiated cul 
tures; little or no albumin Was detected in the same cultures. 
All 3 markers Were detected at signi?cantly higher levels after 
differentiation. Expression of all 3 endoderm markers Was 
higher in cultures derived from 8 day embryoid bodies than 
16 day embryoid bodies. 

Example 3 

Direct Differentiation of hES to Hepatocyte-Like 
Cells Without Forming Embryoid Bodies 

[0158] This experiment demonstrated the use of the direct 
differentiation technique for deriving human ES cells into a 
relatively uniform population of cells With phenotypic mark 
ers of hepatocytes. 












